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Due to their extraordinary physical, optical, and chemical properties, 
nanomaterials continue to show great prowess in all varieties of research ranging from 
energy storage to targeted drug therapy. Specifically, their small size (comparable to 
biomolecules) and the functional diversity of their surfaces have instigated breakthroughs 
in the medical field for their use as diagnostic imaging agents, drug delivery vectors, and 
more. As they become more commonplace and the race continues to test their limits in 
biomedicine it is imperative that their underlying properties and interactions with 
biological milieu are thoroughly studied to ensure safe and ethical practices in 
application. It is known that their unique physical and chemical properties including 
chemical surface functionality, electronic structure, defect concentration and physical 
morphology play key roles in these interactions with biomedia. However, much 
information is still needed to realize the details and dynamics of such interactions to both 
maximize effectiveness in applications and minimize toxicity local and systemic 
concerns. Beginning with the phenomenon of the protein- or biocorona, it is understood 
nanomaterials attract assorted biological molecules such as proteins and lipids virtually 
instantaneously, altering the chemical and electrical structure of their immediate 
environment. As time passes, they are known to journey through the body’s organ 
systems and settle in particular regions or tissues, sometimes leading to adverse reactions 
including allergic/immune responses or toxemia due to intense aggregation. Building 
from the complex and spontaneous formation of the protein corona to potential immune 
response, and, ultimately, to the direct application of targeted cellular uptake, these works 
establish connections between these innate physiochemical characteristics of carbon-
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based and metal oxide nanomaterials, their biocompatibility in vitro, and their potentials 
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THE NANO-BIO INTERFACE 
 
The advancement of nanotechnology over the past two decades has spurred the 
fields of health care, information technology, energy, homeland security, food safety, and 
transportation; and the global market for nanotechnology-related products reached more 
than $200 billion in 2009 with a projected $1 trillion per annum by 2015 (US Senate 
Committee, 2011).1 Despite this enormous global market, there remain several concerns 
regarding the impact of engineered nanomaterials (ENMs) on biological responses in 
living organisms and the environment at large.2–4 A comprehensive knowledge of the 
ENM-biomolecular interactions is central to applications in nanomedicine, consumer 
goods, and other unintentional exposures. Currently, there are more than 40 nano 
pharmaceuticals in routine clinical use, and the patents and publications on nanomedicine 
have been exponentially increasing.5 Considering that nanomedicine efforts are a sudden 
convergence of contrasting scientific disciplines (e.g., materials science, bioengineering, 
pharmacology), the advancement and acceptance of nanotechnology rely heavily on a 
holistic interdisciplinary understanding of the impact of fundamental properties of ENMs 
(such as their morphology, size, defects, and chemical stability) on physiological and 
environmental systems.  
In this thesis, my work explores the nano-bio interface from multiple standpoints 
using a comprehensive array of spectroscopic and microscopic tools with the ultimate 
aim of achieving safe nanomaterials for biomedical applications. Specifically, in this 
work, I conducted fundamental studies to delineate: (1) interactions of carbon 
nanomaterials with physiological biomolecules,6 (2) novel bioimaging applications 
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through multi-photon absorption in defect-engineered ZnO nanoparticles,7 3) 
fundamental mechanisms involved in nano-therapeutic effects of graphene for amyloid 
inhibition,8 and 4) the influence of nanomaterial defects on protein corona formation and 
ensuing physiological responses (a manuscript on this work is under preparation at the 
time of this thesis submission). In the proceeding sections, I first provide a brief 
introduction to the nano-bio interface from the above four standpoints. Subsequently, in 
this chapter, I will describe some experimental results that have been published as peer-
reviewed literature.6,9 Some sections of this work are directly added (without any 
additional revision) here for completeness. The work in this part of my thesis was 
performed in collaboration with Prof. Apparao Rao of the Clemson Nanomaterials 
Institute (CNI) and Dr. Jared Brown of the Department of Pharmaceutical Sciences at the 
University of Colorado Anschutz Medical Campus in Aurora, CO: 
 
Raghavendra, A. J., Gregory, W. E., Persaud, I., Brown, J. M., and Podila, 
R., (December 20th 2017). Spectroscopic Insights into the Nano-Bio 
Interface, Unraveling the Safety Profile of Nanoscale Particles and Materials - 
From Biomedical to Environmental Applications, Andreia C. Gomes and 
Marisa P. Sarria, IntechOpen, DOI: 10.5772/intechopen.69384. 
 
Sengupta, B., Gregory, W. E., Zhu, J., Dasetty, S., Karakaya, M., Brown, J. 
M., Rao, A. M., Barrows, J.K., Sarupria, S., & Podila, R. (2015). Influence of 
carbon nanomaterials defects on the formation of protein corona. J. Phys. 
Chem. Chem. Phys, 5(100), 82395-82402. 
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1.1 Protein Corona Formation 
 
When ENMs enter any biological medium (such as blood or mucous) either 
unintentionally or by therapeutic design, a host of dynamic developments begin 
instantaneously, catalyzed by the chemical and electronic properties of their surfaces. The 
leading process initiated is the formation of the so-called “protein or biocorona”, which 
entails the adsorption of proteins and other biomolecules onto the ENM surface. Globular 
proteins (e.g., serum albumin) are typically the initial molecular species to make contact 
with the ENM due largely to their abundance, with the normal serum protein in a healthy 
human ranging from approximately 6 to 8 g/dL.10 Upon adsorption on the ENM surface, 
structural changes, known generally as “unfolding”, ensue to make the protein adsorption 
both energetically and entropically favorable. During this process, a protein loses its 
initial or native configuration of secondary structural components (typically classified as 
alpha- (α-) helices, beta- (β-) sheets, or “unordered” structures) as it uncoils due to a 
combination of chemisorption and physisorption on the exterior ENM surface due to 
interactions between functional groups and charge distribution centers within the particle. 
A detailed review of protein corona maybe found in these articles from our group.11,12 
Proteins with the highest affinities for the ENM interact with other bound biomolecules 
as well as the ENM itself and form the basis of what becomes the “hard” or inner corona, 
which is typically static and insulated once thermodynamic equilibrium is reached.13 
Conversely, the “soft” outer corona is more dynamic in nature and may evolve as the 





















considered in two very different paths: (1) an unavoidable hurdle to be considered for the 
success of impending applications due to changes of previously well-defined particle 
surfaces from the presence of denatured proteins, or (2) a documented condition that may 
be harnessed as a “functionalization” tool to render ENMs less toxic and more stable in 
solution, similar to the evolving acceptance and excitement around physiochemical 
defects in materials which may be used to improve their performance in certain 
applications. These works aim to draw a line between these two schools of thought 
experimentally and provide added predictability of biocorona behavior as a tool to be 
used in medical ENM applications rather than a strictly unavoidable spontaneous 
condition.  
 
1.2 Spectroscopic Insights into the Protein Corona 
As previously mentioned, upon the introduction into a biological system, ENMs 
rapidly associate with a variety of macromolecules including proteins, peptides, amino 
acids, fatty acids, lipids, and other organic matter forming what is known as the protein- 
or biocorona.23–25 The formation of the corona is dictated not only by the 
physicochemical properties of the ENM but also by the composition of the physiological 
environment.26 The addition of the corona on the surface of the ENM imparts a new 
distinctive interactive surface, which influences activity, deposition, clearance, and 
cytotoxicity.27,28 The biocorona has also been shown to compromise the targeting 
capacity of functionalized ENMs and subsequently hinder delivery therapy.25,29,30 In 
addition, the inconsistencies observed between in vitro and in vivo extrapolation of ENM 
toxicity are likely contributable to differences in ENM-biocorona formation.11,23 
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Spectroscopic tools such as hyperspectral imaging, circular dichroism, Raman, and 
infrared spectroscophy are ideal for exploring the biological interactions of ENMs with 
proteins.24,31 As discussed later in this chapter, combining spectroscopic tools with 
traditional toxicological studies can provide unique insights into the nano-bio interface 
that could be used to ultimately design benign ENMs.  
 
Hyperspectral Imaging 
Darkfield hyperspectral microscopy has emerged as an excellent method for 
simultaneously imaging ENMs in biological environments and collecting valuable 
spectral data regarding their physical state.15,32,33 In contrast to traditional brightfield 
microscopy, darkfield illumination uses only oblique rays from the light source 
originating at large angles by blocking out the zeroth order (undiffracted), central light 
path along the optical axis and utilizing toroidal mirrors to direct remaining rays to a 
cross point at the sample surface (see Figure 1.2). This ensures that light directed into the 
objective (/detector) must first interact with the specimen through scattering processes 
and/or refraction, resulting in high contrast micrographs for which the background is dark 
and the sample appears illuminated (Figure 1.3). Darkfield microscopy can therefore 
increase the quality of images for unstained or otherwise transparent or small samples 
including ENMs. Cytoviva’s darkfield microscopy platform is coupled to a hyperspectral 
detector allowing researchers to obtain optical images of ENMs with the ability to 















Hyperspectral imaging (HSI) provides a useful combination of spectrophotometry 
and microscopic imaging in the 400 –1000 nm range. The most widely used approach 
incorporating spectral information is through the use of a spectral library comprised of 
spectral data for known materials of defined sizes. The spectral profile consisting of peak 
position (wavelength) and distribution/shape is unique based on the size, chemical 
identity, and environment of the ENM. Metal/metal-oxide ENMs in particular are 
excellent candidates due to their collective and resonant oscillation of surface electrons 
upon light excitation in the visible region (400 – 700 nm) known as surface plasmon 
resonance (SPR). The SPR is known to be highly sensitive to both the nanoparticles’ 
aggregation state (due to the size, shape, and innate characteristics of the ENMs) and the 
properties of the environment, resulting in shifts in both absorption/extinction and 
scattering spectra such as HSI.34,35 In a biological medium, the presence of protein corona 
around nanoparticles alters the SPR peak by modifying the dielectric constant.12 
Similarly, their cellular uptake could lead to aggregation, which is known to red shift the 
SPR peak.15 HSI is an excellent tool that combines microscopy and spectroscopy in real 
time by accumulating reflectance spectrum for each pixel in a micrograph. Thus, the state 
of nanoparticles and protein corona upon cellular uptake can be gleaned from the 
hyperspectral micrographs.36,37 
Previously, our group explored the cellular uptake of silver nanoparticles (Ag 
NPs) with and without protein corona using hyperspectral imaging.15 Our studies 
revealed intracellular modifications resulting from protein corona formation as shown in 
Figure 1.4. Changes in the microenvironment of Ag NPs were evidently reflected in the 





















Additionally, in more recent experiments, AuNPs and AgNPs were incubated 
with blood proteins and analyzed with HSI. As mentioned above, previous results from 
our research group (in collaboration with Prof. Jared M. Brown’s group at UC Denver) 
suggest that the presence of biocorona affects cellular uptake by RAW264.7 macrophage 
cells and associated immune response.15 These experiments imply that the scavenger 
receptor B1 (SR-B1) mediates the uptake of negatively charged Ag NPs and 
inflammatory response, and that such responses may be altered through functionalization 
of the NP surface. As demonstrated in Figures 1.4 and 1.5, HSI has been utilized to draw 
conclusions on particle aggregation/functionality as well as intra- and extra-cellular NPs 
based on the shifts in the hyperspectral peaks and changes in the overall spectral 
distribution. While these studies provide new insights into NP uptake, a clear and 
established protocol to distinguish between the shifts/distributions arising from NP 
aggregation state(s) vs. cellular uptake is needed. To this end, the experimental focus in 
one of my works was narrowed down to study the interactions between metal NPs and 
the blood protein bovine serum albumin (BSA) without cells present to truly identify the 
spectral signatures for pure NPs and NPs with simple biocorona. This study (discussed 








































































in Ref. 39. These changes are considered to be distinct and red shifted from the original 
plasmon peak of single isolated Ag NPs in their hyperspectral imaging data. To confirm 
this expected effect of aggregation state on the hyperspectral signature of metal 
nanoparticles, Ag NPs (size 20 nm) were assembled into well-defined aggregation states 
ranging from 1 to 6 particles using an atomic force microscope (AFM) cantilever and 
subsequently measuring aggregates using HSI. As seen in Figure 1.9, the appearance of 














the conclusive distinguishing of intra-/extra-cellular particles as well as the presence of 
protein corona (Fig. 1.2). The distinct changes in hybridized plasmon peaks were used in 
tandem with inductively coupled plasma-mass spectrometry (ICP-MS) and flow 
cytometry to study the influence of complex PC on the uptake of Ag NPs. To assess how 
the PC influences cellular interactions, mouse macrophages were exposed to Ag NPs 
coated with a complex PC (10% fetal bovine serum) and simple PC (BSA) and studied 
the differences in uptake, cytotoxicity, and cell activation using immunological markers 
such as tumor necrosis factor-α (TNF-α). When taken together, our studies (through HSI, 
flow cytometry, and ICP-MS) add to the established and growing scientific literature base 
that PC plays a critical role in ENM-cellular interactions. Indeed, our studies from the 
Journal of Nanoparticle Research also showed that the adsorption of lipoproteins on Ag 
NPs results in cellular uptake through SR-B1 receptors.41 Again, the uptake was studied 
with a Cytoviva microscope by using hyperspectral shifts to distinguish intra and extra-
cellular particles. To establish a standard, we compared the mean spectra of pure Au and 
Ag NPs with those incubated in proteins (BSA and lipoprotein). As shown in Figs. 1.8 
and 1.10, clear differences in peak position and width for particle aggregates of 
comparable sizes are shown. This behavior can be used to determine the presence of 
protein corona (and hence a complex biocorona where redshifts due to increased 
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where EL and ER are the magnitudes of the electric field vectors for left and right 
polarized light, respectively (see Figure 1.11). CD is used primarily to study even subtle 
changes in protein conformation from environmental effects including temperature 
changes, pH changes, and exposure to foreign molecular structures such as ENMs. 
Peptide bonds in protein substructures are optically active with observable changes in 
ellipticity depending on the conformation of the protein. In particular, the secondary 
structures including ordered α-helices, β-sheets (or β-structures), and random coil 
conformations have characterizing CD spectra that can be used to determine their relative 
fractions using curve-fitting software such as CAPITO.42 CAPTIO and other CD analysis 
software apply a curve deconvolution to the three contributors individually, assuming the 
observed curve is a linear combination of the three, and weight them based on the known 
abundance within the defined protein sequence. Although this technique is not accurate 
enough to provide information of absolute (poly-) peptide locations due to a lack of 
accepted protein standards, overall respective changes from one environment to another 
can be measured and compared to a known native protein curve. In the scope of this 
thesis, conformational changes are understood to occur as biocorona forms, typically 
resulting in an overall decrease (/increase) in α-helix (/β-sheet) content upon adsorption 
onto the ENM surface (sources). CD provides a useful tool for monitoring protein 
unfolding, which may be used to better understand nano-bio interactions in conjunction 








































biomolecules, which is critical for analyzing conformational changes during ENM-




Infrared (IR) vibrational spectroscopy (frequency ~12800-10 cm-1) is a necessary 
tool for deriving information regarding ENM bond structure and chemical 
functionalization(s). When molecules are exposed to IR radiation, certain wavelengths 
are absorbed selectively leading to an associated change in dipole moment of the sample. 
These changes in the dipole moment of various chemical bonds manifest as absorption 
peaks, where the location frequency of the peak is dictated by the vibrational energy gap 
associated with each bond and the number of signature peaks determined by the 
vibrational degrees of freedom of the molecule. Visually, the intensity of each absorption 
peak is correlated to the severity of change of dipole moment or possible energy 
transitions. Methods such as Fourier-transform IR (FTIR) spectroscopy are therefore 
valuable for characterizing surface functional groups and bond energies of ENMs.  
Unlike metal nanoparticles, carbon-based ENMs exhibit strong optical absorption 
<240 nm due to their π-electron system, which often interfere with protein CD spectra 
collected in 200–300 nm range, precluding the use of CD to study nanocarbon-protein 
corona. Alternatively, one can use ATR-FTIR (attenuated total internal reflection-Fourier 
transform infrared) spectroscopy to elucidate the adsorption-induced structural changes. 
Indeed, in my first work at CNI, we used ATR-FTIR to delineate structural changes in 
proteins (bovine serum albumin or BSA and fibrinogen) on carbon ENMs such as multi-
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walled carbon nanotubes (MWCNTs), graphene, and graphene oxide nanoribbons (GNRs 
and GONRs).6 The FTIR spectrum of proteins displays two main bands, Amide I (1600–
1700 cm−1) and Amide II (1500–1580 cm−1), arising from the amide bonds that link the 
amino acids in proteins. While the Amide I band is mainly associated with the C═O 
stretching vibration, Amide II band results primarily from bending vibrations of the N─H 
bond. Given that both the C═O and the N─H bonds are involved in the hydrogen 
bonding between the different peptide units, their spectral position and intensity can be 
used to determine the secondary structure content of a protein. A detailed description of 
FTIR in studying PC of carbon-based ENMs is presented later in the chapter.  
 
1.3 Probing Electronic Interactions at the Nano-Bio Interface 
 
Charge transfer is known to play an important role in several many physiological 
processes including blood clotting, vitamin absorption, and oxidative stress.53–55 
Differences in electro-negativity between proteins and the ENM surface may induce 
charge transfer, which, along with other perturbations in the media (e.g., pH, 
thermodynamic fluctuations), plays a critical role in protein denaturation, protein-protein 
interactions, and alterations to the cellular and extracellular redox status. Such 
interactions are not necessarily specific, with conformational changes possibly resulting 
in newly exposed charged regions and hydrophobic domains attracting or repelling other 
surrounding proteins or nanostructures. Electronic properties of ENMs, including their 
band structure and density of states, have been shown to regulate protein adsorption 





Raman (or micro-Raman) spectroscopy is another form of vibrational 
spectroscopy that gleans detailed information on the ENM fingerprint associated with 
specific molecular vibrations due to its lattice structure. It is a measurement of 
inelastically scattered photons such that: i) scattered photons are of a lesser energy than 
the incident light as energy is transferred to the lattice, or ii) scattered photons absorb 
some energy from the lattice and are of a slightly higher energy than the incident light, 
known as Stokes/anti-Stokes scattering, respectively. This is in comparison to Rayleigh 
or elastic scattering where the frequency of the scattered photon is equal to that of the 
incident radiation as shown in Figures 1.13 and 1.14. Given that atoms in ENMs under 
ambient conditions follow a Maxwell-Boltzmann distribution, it is statistically more 
likely for them to reside in the ground state (vs. a previously excited vibrational state), 
and thus Stokes radiation is more intense and more commonly used/reported for analysis 
of materials. This structural information can be used to probe the chemical 
structure/identity, polymorphism, impurities or defects, and charge transfer interactions 













During the Raman process, incident light energy creates an induced dipole 
moment, μ=αE, where E is the electric field vector from the incident radiation and α is 
the polarizability of the material. Interaction with an electric field causes deformation of 
the molecules electron cloud distribution. ENMs and molecules in general have innate 
symmetries about their bonding structure(s) and hence a set of available internal 
vibrational modes or eigenstates which can be approximated as a quantum simple 
harmonic oscillator (SHO). If an incoming electric field, E = E0cos(ωt) interacts with 
these internal vibrational modes of eigenfrequency ωm, the associated dipole moment of 
the molecule can be expressed μ=αE0cos(ωt) and the molecule’s vibrational coordinates 
as Qm=Q0mcos(ωmt). In Raman theory, α is expanded via Taylor series such that the 
expression for the dipole moment becomes,  
 
μ = α0E0cos(ωt) + 0.5(dα/dQm)E0Q0m[cos(ω - ωm)t + cos(ω + ωm)t]  (1.2) 
 
where the first term (frequency ω is unchanged) denotes Raleigh scattering and the last 
two terms represent Stokes/anti-Stokes scattering. Modeling these vibrations via SHO 
allows for approximation of the symmetric polarizability tensor, α, such that the 3D 
polarization P=αE can be analyzed,  
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Here, the electric polarization of the molecule is proportional to the electric field, 
however, it may be in a different direction (hence, Raman active). A change in any term 
of the polarizability tensor α denotes a Raman active mode of a material. Simply put, 
vibrational modes are Raman active when there is a change in the size, shape, or 
orientation of their polarization ellipsoids.  
It should be noted that these processes are weak, with inelastic scattering only 
occurring for approximately 1 in 10 million photons.58 However, careful choice of 
incident light energy can be utilized to create a resonance effect and high intensity 
scattering profiles in resonance Raman spectroscopy. Furthermore, some ENMs 
including graphene and metallic carbon nanotubes, the absence of a bandgap allows 
resonance to occur at all incident wavelengths as the bands cross the Fermi level at a 
nearly linear distribution (i.e. continuous availability of transitions).58–60 Thus, Graphene 
exhibits single resonance of all possible emissions into virtual states and even a double 
resonance feature when a transition is between eigenstates, making Raman spectroscopy 
a powerful tool for its characterization. Graphene and graphitic ENMs exhibit several 
prominent signature bands outlined in Figure 1.15. As expanded upon later in this 
chapter, these spectral bands can be used to identify lattice defects and monitor charge 




















understood that charge transfer between a protein and its substrate plays an important role 
in several physiological processes such as blood clotting and is often exploited for 
designing improved sensors for biomolecular detection. Indeed, as detailed in Ref. 60, 
our group showed clear experimental evidence that aromatic amino acids (tryptophan, 
phenylalanine, histidine, and tyrosine) could interact with the unhybridized pz orbitals of 
the carbon-based ENMs, via providing a weak acceptor level in the electronic density of 
states (DOS) to allow partial charge transfer (DOS is discussed in detail in Chapter 2 of 
this thesis). It may be expected that a surface facilitating higher charge transfer at the 
nanoscale may lead to stronger surface-protein interactions and a subsequent increase in 
protein adsorption. Spectroscopic and electrochemical techniques such as micro-Raman, 
CD, and cyclic voltammetry can be used to analyze and elucidate the influence of charge 
transfer on protein affinity for ENMs and the alterations in secondary and tertiary 
structures that occur with adsorption. Among variety of ENMs, nanocarbons possess 
strong affinity for proteins through hydrophobic and aromatic π-π stacking interactions.61 
Previously, we elucidated the charge transfer interactions between nanocarbons and 
proteins using micro-Raman spectroscopy.61 Our lab’s previous results show that strong 
interaction of proteins (albumin and fibrinogen) with nanocarbons is strongly influenced 
by charge transfer between them, inducing protein unfolding which enhances 
conformational entropy and higher protein adsorption. For instance, as described in Ref. 
62, the UV-visible absorption spectrum of single-walled carbon nanotubes (SWCNTs) 
coated with BSA were found to blue shift significantly, while BSA-coated graphene 
sheets (both exfoliated and synthesized via chemical vapor deposition) exhibited no such 
changes.61 Additionally, micro-Raman spectroscopy revealed alterations in the structure 
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of the G-band (or graphitic band) of BSA-coated SWCNTs. The G-band, which is highly 
sensitive to charge transfer, was found to be upshifted with a Breit-Wigner-Fano line 
shape resulting from electron transfer between BSA and SWCNTs.61 No changes were 
observed for graphene upon protein coating, indicating that ENMs-BSA charge transfer is 
unique to SWCNTs. Concomitantly, FTIR spectroscopy revealed subsequent 
conformational changes in BSA (Figure 1.16) in the form of uncompacting of α-helices, 
suggesting hard corona formation on SWCNTs as opposed to graphene. These results 
insinuate that disruption in electrostatics due to ENM-protein charge transfer leads to the 
breaking of peripheral H-bonds in the α-helices and permanent denaturation of BSA on 
SWCNTs.61,62 In another experimental study detailed in Chapter 3 of this thesis, micro-
Raman spectroscopy in conjunction with Kelvin probe force microscopy (KPFM) was 
successfully used to measure interfacial charge transfer between graphene nanoflakes and 
lysozyme protein during its amyloid fibrillation phase.8 These results have unveiled a key 
detail in nano-bio interactions between aromatic ENMs and amyloidogenic proteins, 
potentially leading to new and more targeted drug designs for amyloid diseases such as 



















biomolecules. The 2D structure of these carbon-based ENMs gives rise to π-electron 
clouds, which can interact strongly with other π-electrons in proteins or amino acids.63 
While we predominantly focused on proteins, it is important to note that individual amino 
acid interactions with ENMs are equally significant indicators of corona formation and 
cytotoxicity modeling. In particular, aromatic amino acids offer π-electrons similar to 2D 
ENMs, and therefore exhibit this strong affinity for certain 2D materials through this π-π 
electron stacking. Our group studied interactions between aromatic amino acids 
(tryptophan, tyrosine, and phenylalanine) and 2D nanomaterials (graphene, graphene 
oxide or GO, and BN) using micro-Raman and photoluminescence (PL) spectroscopy 
combined with electrochemical characterization61. Perturbation in the electronic structure 
was evident through changes in Raman spectra as shown in Figure 1.17, and results were 
quantified using CV measurements (Figure 1.18). Downshift in characteristic G and 2D 
bands in the spectra indicated upshift in Fermi level induced from electron transfer from 
the amino acid. In CV characterization, the application of gate voltage on the working 
electrode (i.e., ENMs) modulates its electronic energy levels, which when above (/below) 
the LUMO (/HOMO) levels of the protein can result in a charge transfer. While 
reversible charge transfer in redox couples appears as two peaks in the CV curve (one for 
oxidation and the other for reduction), only a single peak is often observed for 
irreversible charge transfer. The irreversibility of these charge transfer between 2D 
ENMs and amino acids was confirmed with appearance of new peak (~0.6–0.8 V) in our 
CV curves. Further findings suggested variance in π-electron cloud structure in graphene 
and BN determined electron stacking orientation and associated amino acid affinity, 

































about the charge transfer between ENMs and proteins. A comprehensive characterization 
of ENM-protein corona with spectroscopic tools is necessary for establishing 
relationships between ENM physicochemical properties and their biological responses. 
The works in this thesis provide examples of comprehensive combinations of 
spectroscopic methodologies to characterize nano-bio interactions and utilize them in 
biomedical applications.  
 
1. 5 Influence of Carbon Nanomaterial Defects on The Formation of Protein Corona 
 
Please note that the experimental results described here have been published as a 
peer-reviewed article.6 Some sections of this article are directly added (without any 
additional revision) here for completeness. The work in this part of my thesis was 
performed in collaboration with Prof. Apparao Rao of the Clemson Nanomaterials 
Institute (CNI) and Prof. Sapna Sarupria of Chemical and Biomolecular Engineering at 
Clemson University.  
Among the wide variety of nanostructures, carbon nanomaterials (CNMs) 
represent an intriguing set of ENMs from biological and toxicity standpoints because 
CNMs: (i) possess excellent affinity for proteins through hydrophobic and aromatic π–π 
stacking interactions,17,61,63 and (ii) exhibit unique molecular charge-transfer among 
themselves and with other molecules including proteins.52,57,61,62 For instance, C60 is 
known to display charge-transfer interactions with electron donor molecules including 
organic amines,64 while graphene and single-walled carbon nanotubes (SWNTs) can act 
as either electron donors or acceptors with proteins such as streptavidin.65 Indeed, charge 
transfer interactions between proteins and CNMs have previously been implicated in 
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destabilizing adsorbed proteins/enzymes, which could in turn elicit adverse physiological 
response.23,25,49 While the root cause of ENM (particularly CNM) toxicity is still a subject 
of ongoing research, numerous studies have identified the presence of bioactive defects in 
ENMs (including Au, Ag, TiO2, SiO2, and CNMs) as the common denominator in their 
physiological response.11,17,23,26,66 In case of CNMs, it has been hypothesized that the 
presence of neutral and charged defects could elicit an adverse physiological response 
possibly by generating highly reactive oxygen species and inducing structural changes in 
proteins through charge transfer reactions.67,68 Despite this obvious importance of defects 
and charge transfer in CNM toxicity, the influence of structural and functional defects in 
CNMs on biomolecular adsorption and immune response remains poorly understood. 
Although the formation of protein corona on CNMs has been extensively studied in 
recent years, the underlying physical and chemical processes in protein and defected 
CNM interactions (e.g., charge transfer between proteins and defects) have not yet been 
completely comprehended. To elucidate the role of defects and their associated charge 
transfer in biological interactions of CNMs, it is imperative to synthesize CNMs with 
different defect content and study their effects on protein corona formation and 
composition.  
We investigated the interaction of bovine serum albumin (BSA) and fibrinogen 
with defected CNMs such as multi-walled carbon nanotubes (MWCNTs), graphene, and 
graphene oxide nanoribbons (GNRs and GONRs) using micro-Raman spectroscopy, 
photoluminescence (PL), infrared absorption, electrochemistry and molecular dynamics 
(MD) simulations. The defects in the CNMs used in this study include edges (e.g., edges 
coming from finiteness of GNRs), functional groups (e.g., hydroxyl and carboxyl groups 
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on GONRs), and other topological defects (e.g., vacancies and Stone–Wales defects in 
MWCNTs). While MWCNTs are seamless cylinders with some topological defects and 
only a few available edges, GNRs and GONRs provide more edges with different 
functional groups and are well suited for investigating the influence of defects on protein 
adsorption. Furthermore, the lack of functional group-type defects on MWCNTs makes 
them more hydrophobic than GNRs (weakly hydrophilic) and GONRs (strongly 
hydrophilic), allowing us to understand the interplay between shape and defect-induced 
hydrophilicity of CNMs on their biomolecular interactions. We have identified fibrinogen 
(tubular structure with high-internal stability) and albumin (globular with relatively low 
internal stability) as the model proteins of interest due to their contrasting properties and 
binding affinities. We observed: (i) that BSA exhibited similar adsorption on all the 
CNMs, whereas fibrinogen showed better binding to GNRs and GONRs, (ii) the charge 
transfer for the case of BSA (/fibrinogen) adsorbed on MWCNTs (/GONR) to be the 
highest, and (iii) an enhanced relaxation of α-helices in proteins with highest charge 
transfer/adsorption (viz., MWCNTs in case of BSA and GONRs for fibrinogen) 
suggesting that the charge transfer reactions between proteins and CNMs may be critical 
to control ENM-biomolecular interactions.  
In these experiments, M-grade MWCNTs (diameter: 50 nm and length > 5 μm) 
were obtained from NanoTechLabs, Yadkinville, NC. The unzipping and refluxing 
methods were used to prepare GNRs and GONRs from MWCNTs. In the unzipping 
process, 500 mg of MWCNTs were mixed with 100 mL of concentrated H2SO4 (Sigma 
Aldrich, 95–98% purity) and bath-sonicated for 3 hours (Aquasonic P250HT). 
Subsequently, 2 g of KMnO4 (Sigma Aldrich, >98% purity) was added and stirred for 3 
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hours at 70 °C. Thereafter 3 mL of 30% H2O2 (VWR international, 30% w/w) was added 
to finish the reaction. The unzipped GNRs were collected by centrifugation (Heraeus 
Instruments, Labofuge 400, at 2900 rpm for 15 min). The pellet was resuspended 3 times 
in deionized (DI) water and re-centrifuged to remove the residual acid and inorganic 
salts. All pellets were air dried overnight to remove any remaining impurities. The 
obtained GNRs were further refluxed with 100 mL 30% H2O2 and stirred for 2 hours at 
70 °C. After the completion of reflux, 200 mL of concentrated H2SO4 (VWR 
international, 95–98%) was slowly added and the mixture was left to stir for another 1 
hour at 70 °C. The resulting suspension was diluted and filtered through 0.45 μm 
polyamide filter, dried, and resuspended in pure DI water. This procedure was repeated at 
least 3 times to wash away residual chemicals and obtain GONRs. For the protein 
binding, BSA (Spectrum Chemical Mfg. Corp, CA) and fibrinogen (Alfa Aesar) were 
incubated at 37 °C for 12 hours with CNMs. We used physiologically relevant 
concentrations of BSA 5–60 g L−1 and fibrinogen 0.5–6 g L−1. All dilutions for BSA 
(/fibrinogen) were done in DI water (/0.9% NaCl). After incubation, suspensions were 
centrifuged for 15 min at 13 000 rpm (Eppendorf Minispin) and the obtained pellets were 
resuspended in DI water. The procedure was repeated at least 3 times to remove any 
unabsorbed protein. 
Transmission electron microscopy (TEM; Hitachi 7600) was performed to 
investigate changes in CNM structure upon chemical treatment. For TEM, the samples 
were dispersed in water for 10 min using 1/8′′ tip sonicator and the sample was drop 
casted on a holey carbon (400 mesh; Ted Pella) and was dried overnight. Contact angle 
measurements were performed on freestanding CNM buckypapers using a custom-built 
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setup equipped with Celestron's 44302 digital USB microscope. We prepared 
freestanding buckypapers for all different types of CNMs by vacuum filtering CNM 
suspensions in water (1 mg mL−1, sonicated using 1/8′′ tip sonicator for 30 minutes) 
through a 0.45 mm nylon filter paper. Subsequent to filtration, the CNM materials were 
peeled off from the filter paper by heat-treating the samples at 60 °C overnight. All the 
Raman spectra were obtained on dry powders using a 514.5 nm Ar+ excitation coupled to 
a Renishaw InVia micro-Raman spectrometer.  
PL spectra was measured at 280 nm excitation wavelength in a 300–450 nm 
emission range with 5 nm slit width using a Horiba iHR 550 spectrometer equipped with 
a TRIAX 550 liquid N2 cooled CCD. For the PL measurements, 3 mL of CNM–protein 
suspension was used in a 10 mm wide quartz cuvette. Fourier Transform Infrared (FTIR) 
spectroscopy was performed on a Thermo Scientific Nicolet 6700 ATR-FTIR and Bruker 
IFS 66v/S. For FTIR measurements, the samples were drop casted onto a monolithic 
diamond crystal and the signal from DI water was used as the background.  
Cyclic voltammetry was carried out to measure the charge transfer properties 
between the MWCNTs and proteins solutions. The experiments were performed with a 
Reference 3000 Potentiostats electrochemical measurement system (Gamry Instruments, 
Inc.). A platinum mesh was used as the counter electrode and Ag/AgCl as the reference 
electrode. The electrolyte solution consisted of physiological concentrations of each 
respective protein: 40 g L−1 of BSA or 4 g L−1 of fibrinogen. All the data was obtained at 
a low scan rate (5 mV s−1) to avoid any diffusion limitations.  
We performed large-scale MD simulations of BSA (4F5S.pdb)69 in explicit water 
in the presence of two different CNMs – GNR and GONR. The surface area of both the 
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CNMs was kept the same in the simulations. GONR was generated using the 
methodology described in DeFever et al.70 and was 30% oxidized. The Amberff99SB-
ILDN force field was used to describe the protein and GNR.71 TIP3P model was used for 
water.72 GONR was described using the OPLS force field71 because this eliminates the 
necessity of determining the partial charges on the GONR atoms using ab initio 
calculations.  
The simulation systems comprised of the CNM, 9220 protein atoms and 
approximately 70 000 water molecules. Ions were added to neutralize the system. To 
enhance the sampling of protein adsorption in the MD simulations we performed 10 
simulations for each system. In these 10 simulations, we used 10 different protein 
orientations in the starting configurations. This enabled us to sample different regions of 
the protein that could adsorb to the CNMs. We note that this does not capture all the 
regions of the protein that could adsorb to the CNMs and also does not specify the 
affinity of various regions to the CNMs – neither of which are the goals of these 
simulations. The protein was placed at a distance such that no two heavy atoms of the 
protein and CNM were closer than 8 Å in the starting configurations of the simulation. 
Each simulation was run for 100 ns, resulting in effectively 1 μs (10 orientations × 100 
ns) simulation per CNM–BSA–water system.  
The long-range electrostatic interactions were calculated using PME as 
implemented in GROMACS v5.0.2.73 The velocity-rescaling thermostat74 and Berendsen 
barostat75 were used to maintain the temperature at 300 K and pressure at 1 bar, 
respectively. The bonds involving hydrogen atoms were constrained using LINCS 






































average defect–defect spacing in CNMs.30 Clearly, as seen from Fig. 1.22, the ID/IG ratio 
is higher for GONR and GNRs than the pristine MWCNTs, which could be attributed to 
the harsh chemical reactions in the unzipping and oxidation processes. While GNRs are 
unzipped through only one-time exposure to sulphuric acid and KMnO4, GONRs undergo 
a two-step chemical process (i.e., unzipping and subsequent oxidation) leading to an 
increased D-band intensity in their Raman spectrum. Furthermore, the overtone of D-
band (called 2D-band ∼2700 cm−1) was found to significantly decrease in intensity (at 
least by 10 times, as shown in Fig. 1.22 inset) in GONRs due to oxidation. The full-width 
at half-maximum of G-band in GNRs (∼28 cm−1) and GONRs (∼40 cm−1) also increased 
significantly relative to pristine MWCNTs (∼20 cm−1) indicating a decrease in phonon 
lifetime due to the presence of different type of defects (particularly, edges and functional 
group-type defects in GNRs and GONRs). Additionally, a defect-induced Raman feature 
∼1620 cm−1, often activated at high defect concentrations, is clearly observed for both 
GNRs and GONRs. Juxtaposing Raman, FTIR, and contact angle measurements, it could 
be concluded that MWCNTs are less-defective (ID/IG ∼ 0.35) and more hydrophobic (no 
presence of functional groups), while GNRs (/GONRs) are slightly (/highly) defective 
(ID/IG ∼ 0.83 for GNRs and 0.94 for GONRs) and weakly (/strongly) hydrophilic due to 
















































































unlike MWCNTs and GNRs, and thus the adsorption of BSA on GONRs is not 
accompanied by significant entropy increase from the release of water molecules. 
Nevertheless, a comparable 1/n value for the adsorption of BSA on GONRs could be 
attributed to the formation of energetically favorable hydrogen bonds between BSA and 
functional group-type defects on GONRs (particularly, hydroxyl and carboxyl groups 
shown in Fig. 1.20). 
To further understand these unexpected CNM–BSA interactions, we performed 
large-scale molecular dynamics (MD) simulations of BSA–GNR/GONR–water systems 
(see Figures 1.25 and 1.26). As shown in Figure 1.25a and b, we observed a decrease in 
the BSA–GNR/GONR interaction energy indicating that BSA associates with GNRs and 
GONRs consistent with our experiments. Furthermore, the adsorption process was found 
to occur in steps (as seen in the series of plateaus and steep drops in Fig. 1.25a and b) 
primarily because BSA undergoes conformational changes after initial contact (in 
accordance with our experimental observations, see Fig. 1.16) leading to some protein 
regions collapsing on to the CNM surface rather than gradually spreading from the initial 
region of contact.78 In the case of GNRs, most simulations resulted in interaction energies 
<−380 kJ mol−1 within 100 ns of the simulation unlike BSA–GONR–water simulations. 
This suggests that BSA displays more affinity to GNR compared to GONR, consistent 
with the experimental findings that BSA prefers more hydrophobic surfaces (as seen by 
higher 1/n values for adsorption of BSA on GNR compared to GONR in Table 1.1). We 
observed that water molecules are released from the hydration shells of BSA, GNR and 
GONR as BSA adsorbs to the CNMs (Fig. 1.25c and d). The total number of water 

































BSA, it could be expected that the functional groups on GONRs facilitate hydrogen 
bonds with fibrinogen.  
In the formation of the protein corona, the protein molecules initially adsorb on to 
the CNMs while largely retaining their native-state structure. Subsequently, the adsorbed 
protein can begin to relax its secondary structure, unfold, and spread out on the CNM 
surface and transition from an end-on to a side-on orientation.79,80 The degree of protein 
unfolding on a surface is influenced by the strength of the protein–surface interactions 
relative to the internal stability of the protein.81–83 Accordingly, to elucidate the 
adsorption-induced structural changes in proteins, we obtained the FTIR spectra of 
adsorbed proteins as shown previously in Fig.1.16. It should be noted that CNMs exhibit 
strong absorption <240 nm due to their π-electron system precluding the use of traditional 
tools such as circular dichroism for the evaluation of protein secondary structure. As 
evident from Fig. 1.16a and b, the α-helical content in BSA leads to strong adsorption 
∼1640–1660 cm−1 (shown in dashed lines) while the lower frequency component at 
∼1620–1640 cm−1 and the peak ∼1555 cm−1 arise from β-sheets.81,82 Clearly, the rich 
secondary structure of BSA (particularly, the peak relating to α-helical content) 
significantly disappears upon its adsorption on to all CNMs, as expected from its low 
internal stability. Indeed, the changes in secondary structure are higher in the case of 
MWCNTs (i.e., complete disappearance of secondary structure) suggesting that BSA 
unfolds much more, relative to GNRs and GONRs, in order to adhere to the tubular 
MWCNTs. GNR and GONR retain BSA secondary structure to certain extent, as shown 
by the presence of ∼1555 cm−1 for β-sheets. In the case of fibrinogen, the secondary 
structural changes are found to be higher for GONRs compared to MWCNTs and GNRs 
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plausibly due to the formation of hydrogen bonds. The α-helix peak was found to 
partially disappear for fibrinogen adsorbed on MWCNTs and GNRs. Lastly, the 
structural changes for fibrinogen on GNRs seemed to be less pronounced than MWCNTs 
possibly due to its shape. It could be rationalized that fibrinogen must unfold more to 
adhere to MWCNTs due to their higher curvature than GNRs. 
The chemisorption of proteins on bulk material surfaces has been known to occur 
through charge transfer processes.80,84–86 It may be expected that a surface facilitating 
higher charge transfer at the nanoscale may lead to stronger surface–protein interactions 
and a subsequent increase in protein adsorption. To validate such a hypothesis, we 
performed cyclic voltammetry (CV) measurements with CNMs as a working electrode in 
protein electrolyte solution (Figure 1.27). In CV characterization, the application of gate 
voltage on the working electrode modulates its electronic energy levels, which when 
above (/below) the LUMO (/HOMO) levels of the protein can result in a charge transfer. 
Although the proximity of electronic levels make charge transfer between protein in 
electrolyte solution and the working electrode (i.e., CNMs) thermodynamically favorable, 
the probability of charge transfer depends upon density of electronic states at the Fermi 
level (DOS(EF)) in the working electrode (CNMs in this case). For a detailed analysis of 
the theory behind electronic DOS, please reference Chapter 2 of this thesis. In defect-free 
CNMs (e.g., perfect sheet of graphene with no defects), the DOS(EF) is very low (almost 
zero for graphene) and therefore charge transfer is often not observable in the 
experiments.61,87 However, in our case, the presence of defects (introduced through 
unzipping in GNRs and oxidation in GONRs) induces new electronic states in CNMs 
















Figure 1.27 Cyclic votammograms for BSA (a) and fibrinogen (b) protein solutions on 
carbon nanomaterial working electrodes. MWCNTs (/GONRs) exhibit a broad peak(s) 
(indicated by a solid arrow) with BSA (/fibrinogen) indicative of an irreversible redox 
reactions suggesting charge transfer. Data acquired by Gregory et al.6 
In summary, we investigated the binding of bovine serum albumin (BSA) and 
fibrinogen with different carbon nanomaterials. Raman spectroscopy measurements 
showed a higher amount of defects in graphene and graphene oxide nanoribbons (GNRs 
and GONRs) compared to pristine multi-walled nanotubes (MWCNTs). The binding 
experiments showed that the BSA adsorbs equally on all MWCNTs, GNRs, and GONRs 
while fibrinogen showed a significantly lower adsorption on MWCNTs. The lower 
adsorption of fibrinogen on MWCNTs was attributed to its hardness relative to BSA. 
Furthermore, it is observed that the net conformational changes (gleaned from infrared 
spectroscopy) in protein structure were highest for the cases of highest charge transfer 
(observed in cyclic voltammetry) between protein and CNMs. Our results show that the 
formation of protein corona is sensitive to the defects on CNMs and is accompanied by 
both charge-transfer and protein unfolding, and that a composition of spectroscopic 
methodologies is necessary to evaluate these nuances in ENM physiochemical 
characteristic and their consequences for protein affinity and biocorona.  
CHAPTER TWO 
NON-INVASIVE DIAGNOSTIC IMAGING WITH 
ZINC OXIDE NANOPARTICLES 
Nanomaterials are attractive for biomedical applications due to their unique 
properties such as their high surface area, tunable hydrophobicity, ability to cross the 
blood-brain barrier, and anti-bacterial activity.88–90 An increasing area of interest for 
nanomaterial-based applications is in the biomedical technology sector revolving around 
disease diagnostic and treatment vectors. Some of these promising applications include 
bioabsorbable bandages and surgical meshes, nanobots for non-invasive surgeries, and 
“smart” pills capable of transmitting exact environmental information from inside a 
patient’s body.91–93 Building on recent strides in nanomaterial synthesis and 
characterization, this chapter focuses on two specific subsets of properties of 
nanomaterials: (1) their unique optical properties resulting from physical and chemical 
defects, and (2) their electronic properties that enable strong biochemical interactions. 
Specifically, in this chapter, we used defect-induced fluorescence in ZnO nanoparticles 
for imaging cancer cells. As detailed later in Chapter 4, we also used unique electronic 
properties of graphene for inhibiting amyloid formation that plays a critical role in many 
diseases. Below, the work based on ZnO nanoparticles is described. This study resulted in 
the following publication:  
Raghavendra, A.J., Gregory, W.E., Slonecki, T.J., Dong, Y., Persaud, I., 
Brown, J.M., Bruce, T.F. and Podila, R., 2018. Three-photon imaging using 
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defect-induced photoluminescence in biocompatible ZnO nanoparticles. 
International Journal of Nanomedicine, 13, 4283. 
(Note: A. J. Raghavendra and W. E. Gregory contributed equally.) 
2.1 Multiphoton Fluorescence Imaging 
Optical imaging is one of the most versatile and widely used tools in clinical 
research and practice, for example, surgical guidance in tumor resectioning.94 It offers 
various contrast mechanisms based on light-matter interactions at the molecular level 
(e.g., fluorescence, Raman scattering, and multiphoton absorption). Particularly, 
molecular imaging, fluorescent contrast agents to identify diseased structures, has been 
playing a pivotal role in cancer surgery and treatment. Indeed, intraoperative fluorescence 
imaging has been shown to detect small size tumors that could be otherwise missed using 
traditional techniques such as MRI. Fluorescent contrast agents for cancer detection may 
be broadly divided into three categories based on their mechanism of action: (a) passive 
dyes such as sodium fluorescein, indocyanine green (ICG), and methylene blue (MB), 
administered through intravenous injection, diffuse out of tumor regions due to leakiness 
in the tumor vasculature providing the necessary contrast, (b) metabolic probes (e.g., 5-
aminolevulinic acid or 5-ALA) that increase the production of fluorescent biomolecules 
(e.g., protoporphyrin IX or PpIX) upon internalization by cancer cells, and (b) fluorescent 
agents functionalized with ligands (e.g., monoclonal antibodies) for cellular uptake 
through specific cancer cell surface receptors (e.g., human epidermal growth factor-like 
receptor-2  or Her-2). Traditionally, in semi-conducting materials with a band gap or 
fluorescent molecules with a HOMO-LUMO gap, electrons are promoted or excited to a 















is scattered and blocked by pinhole (5). (b) In a two-photon excitation microscope, a 
longer excitation wavelength, l (red color) is used to reduce scattering (which varies as 
1/l4).  The fluorescence generated by ballistic excitation photons (2) at ROI is collected 
and detected (4’). Above or below the ROI, no fluorescence is generated because the 
intensity is not sufficient for a two-photon process. Fluorescence originating from ROI 
can scatter, but due to the absence of the confocal pinhole it is still collected (4’ and 5’). 
The scattered excitation light (1) will also not generate out-of-focus fluorescence due to 
low intensity. Overall, two processes limit the depth of optical imaging: (i) scattering and 
absorption of excitation /emission photons, which decreases signal intensity, and (ii) 
fluorescence from scattered excitation photons, which increases background.  
In conventional fluorescence imaging (also referred to as “single-photon” imaging 
in this dissertation; see Fig. 2.1a), the excitation light is focused through heterogeneous 
biological materials on to a region of interest (ROI) at the focal plane.95–97 The excitation 
light experiences scattering from the surrounding biological tissue and some of it is 
absorbed by water before reaching the ROI. However, some ballistic photons in the 
excited light beam reach the ROI unscattered. As the imaging depth (i.e., depth of ROI in 
the biological tissue) is increased, a greater proportion of the excited light experiences 
scattering, and the number of ballistic photons reaching ROI decreases exponentially with 
depth. The fluorescent probes (such as ICG, MB or PpIX) at the ROI absorb the ballistic 
photons and emit a different wavelength (longer than the excitation). In addition, 
fluorescent probes above and below ROI also emit photons by absorbing scattered 
excitation light. The emitted photons pass back through a confocal pinhole, which rejects 
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light from above and below the ROI, into a detector. The image originating from this 
emission is a faithful representation of the fluorophore distribution at the ROI. Some 
emitted photons generated at (and around) the ROI experience scattering similar to the 
excited light. Indeed, the scattering of photons emitted from the ROI may lead to a path 
that is blocked by the confocal pinhole (see Fig. 2.1). Additionally, some photons emitted 
from above and below (or the background signal) the ROI may be scattered to reach the 
detector (albeit with low probability) through the pinhole. At low imaging depths, the 
scattering is weak and the background signal is negligible. However, as the imaging 
depth is increased, the resolution of the image becomes exponentially poor with depth 
due to increase in the: (i) scattering of excitation light (or low intensity of ballistic 
excitation photons), and a consequent decrease in fluorescence at the ROI, (ii) 
background fluorescence due to high intensity of scattered excitation photons, (iii) 
scattering of emitted light at ROI (or low intensity of ballistic emission photons reaching 
the detector), and (iv) probability of emission photons getting scattered away from the 
detector. In summary, single-photon cancer imaging leads to diffuse and ill-defined 
tumor margins due to scattering and background fluorescence interference.  
These challenges in single-photon imaging can be overcome by exciting 
fluorophores using two-photon absorption (2PA). In 2PA imaging, excitation light has 
twice the wavelength (lexc; half the energy) compared to single-photon imaging (lexc/2), 
and therefore experiences less scattering (scattering varies as 1/l4). The 2PA process is a 
non-linear process, which occurs in the fluorophores through the simultaneous absorption 
of two photons (see inset in Figure 2.2). This process exhibits a very high probability 
only with high intensity ballistic excitation photons at the ROI. Unlike single-photon 
59
imaging, only a negligible amount of fluorescence is generated outside the ROI due to the 
non-linear nature of 2PA process.98–100 Thus, no pinhole is required to reject out-of-focus 
fluorescence. Some photons emitted at the ROI may scatter but will still be detected (cf. 
Fig. 2.1b). At greater imaging depths, scattering is stronger and causes a decrease in 
ballistic excitation photons that reach the ROI.101 The advantage of 2PA imaging is that 
the increase in scattering will not excite out-of-focus fluorescence, resulting in lower 
background. Nonetheless, fluorescence emission of wavelength lem originating from the 
ROI will also scatter. Indeed, in 2PA imaging, the emission wavelength is shorter than 
the excitation wavelength or lem << lexc (see Fig. 2.2). For example, a dye such as 
rhodamine with a two-photon lexc ~ 1000 nm may emit lem ~ 600 nm. Thus, the emitted 
photons of shorter lem experience stronger scattering, ~ 7.5 times more in the above 
example. Therefore, the imaging depth for 2PA imaging is approximately limited to five 
times the effective attenuation length (leff) of excitation light below the tissue surface. 
Previously, 2PA imaging in the mouse neocortex at 775 nm excitation was found to have 
a penetration depth ~ 650-700 nm (Fig. 2.2), which is five times leff  ~ 130 nm for 775 
nm.102,103 While two-photon imaging decreases the background fluorescence, it rapidly 
increases photobleaching. Thus, in two-photon imaging, the tumor margins are prone to 
change during the surgery resulting in poor detection of peripheral cancer cells that could 
















(arising mainly from water in biological tissues). The combined effect of absorption and 
scattering is represented by leff-1 = labs-1  +  lscat-1. Multiphoton excitation through the 
simultaneous absorption of three or more near-infrared (NIR: ~900-1300 nm) photons is 
capable of achieving better focusing, lower autofluorescence from the background tissue, 
deeper tissue penetration, and efficient light detection noninvasively. From Fig. 2.2, it is 
evident that leff at 1200 nm ~ 300 nm, which can lead to at least twice the imaging depth 
of 2PA imaging at 775 nm (shown by red star in Fig. 2.2). It has been long known that 
three-photon absorption (3PA) imaging with NIR excitation can penetrate through several 
millimeters of tissue and provide at least an order of magnitude higher resolution relative 
to single- and two-photon imaging.106 The disadvantage with this modality, however, is 
that the 3PA process is a highly non-linear optical phenomenon and requires a very high 
power (beyond tissue damage thresholds) to excite conventional dyes due to their low 
3PA coefficients.104 When the non-linear absorption (and therefore, the 3PA coefficient) 
is low, the employed excitation power could be sufficiently large to cause overheating in 
biological tissues.104 Besides the photodamage, the high photon flux needed for 3PA 
experiments leads to higher-order photon interactions within the focal volume and 
consequently increases the photobleaching rate similar to 2PA in conventionally used 
dyes with low non-linear absorption coefficients, which could introduce artifacts and 
misinterpretations of the data.107 
In multiphoton absorption (MPA), intermediate energy states within the band gap 
of the fluorophore enable multiple photons of smaller energies to be simultaneously 
absorbed to bridge the full span of the gap (Fig. 2.3). The result is the emission of one 
















1PA) needed to excite the fluorophore, resulting in emission of single photon with greater 
energy and shorter wavelength than the incident light. Figure produced by W. Gregory. 
As stated previously, the mechanism behind MPA is nonlinear, meaning that the 
change in the intensity of incident light as it travels through a MPA-enabled material with 
respect to the thickness of this material is nonlinearly dependent on the intensity (vs. 
traditional emission, which is linearly dependent): 
(2.1) 
Here, I is the intensity of the beam, z is the sample thickness, n is the number of photons 
in the process, and γ is what is known as the n-photon coefficient such that, for a system 
exhibiting two-photon absorption,  
(2.2) 
where γ2 is the two-photon coefficient. Note that one-photon absorption still exists for the 
system, which is always the case (for fluorescent materials), however, this term will not 
be the main focus of this work. Given that the MPA process is nonlinear, aspects of 
quantum electrodynamic probability theory in the form of electronic density of states 
(DOS) become highly important for MPA. In order for a second- or third-order term to 










must be increased, or (2) or the nPA-coefficient itself must be large enough to overcome 
this need. Although many dyes have been explored which can undergo the process of 
MPA, mastering this technique in a way that can utilize very low (hence, safe) laser 
powers requires the use of MPA fluorophores that have an increased probability of 
transition to higher states facilitated by an expansion in the DOS available in the bandgap 
leading to a large-value coefficient. 
It is known that crystalline lattice defects in the form of atomic vacancies or 
dopants (point defects), reconfigurations (linear defects), or modifications in grain 
boundaries (planar defects) can be used to tune the structure of the bandgap in 
semiconducting nanomaterials by altering the energy of the gap itself or the DOS for 
electrons within the gap.108–110 The DOS g(E) for a uniform semiconductor nanoparticle 
can be calculated by considering the space as an infinite square well in 3D, such that the 
potential in the well is uniform and the particle (an electron of effective mass me) is free 
to move in this space. An electron in the well has an energy E,  
(2.3) 
for a well with sides of length L and three electron quantum numbers such that 
 n12+ n22 +n32 ≤n2 in the 3D well space which is thus spherical in shape. If only small 
values of n are considered the values are quantized, however, as n becomes larger, values 
are closer together and appear continuous. Furthermore, if n12+ n22 +n32 ≤n2, n is the 






quantum numbers of the electron n1, n2, and n3, must be nonzero positive integers in order 
to avoid exponentially increasing wavefunctions at the boundaries of the well. Therefore, 
we can consider the total number of continuous energy states or energy orbitals, Sorb, as 
the volume of only the first quadrant of the sphere, 
(2.4) 
And given that each state can hold two electrons of opposite spin, the total number of 
available states in the first quadrant is given by S(n),  
 (2.5) 
Rewriting S(n) as S(E) using Equation (2.3), we get an expression for total available 
electron states within the sphere as a function of electron energy: 
(2.6) 
If the expression in Equation (2.6) is divided by the total volume of the sphere, we can 
derive the energy states per unit volume, and the electronic DOS g(E) is the differential 
















































of Feldman and Mayer in their work Fundamentals of Surface and Thin Film Analysis.111 
We consider a generic Hamiltonian H under the influence of a time-dependent 
perturbation H’, in this case from incident electromagnetic radiation used to excite the 
material into a higher state: 
 (2.8) 
Therefore, H0 satisfies the time-dependent Schrödinger equation, 
(2.9) 
for a particle wavefunction, 
(2.10) 
Here, the unperturbed Hamiltonian has a set of energy eigenvalues that satisfy the 
condition,  
(2.11) 














given that the eigenvectors un are orthogonal and are time-independent along with the 




where the coefficients an(t) now depend on time and describe the perturbed system as a 
whole. If we substitute this expression into Equation (2.12), multiply by the complex 
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now integrated over all space. If we only consider a small perturbation, the time variation 




Consider the case that the system is in state n at t=0, so that an(0)=1 and all other an(t)=0. 
Then the expression simplifies into 
(2.18) 
for s ≠ n. It is evident that H’(t) can facilitate transitions then from state n to any other 
state s. The probability of finding the system in the new state s is | an(t)|2. If H’ is not 
time-dependent, then 
(2.19) 
as (t)− as (0) ≅
−i
!
























Now, in many cases, perturbations result in a free particle final state or a continuum (i.e. 
existing in the space of DOS) so that the discrete final state is replaced with our 
expression g(E) over the energy level dE, The transition probability P(t) for discrete 
states can be calculated as, 
(2.21) 
where the summation expands to an integral in the case of a continuum of states, 
(2.22) 
The main contributing term in Equation (2.22) occurs at ωsn=0 such that g(Es) ~ g(En). 
Approximating the integral yields 
as (t)
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with a transition rate between states R=dP(t)/dt directly dependent on the DOS elaborated 
on as Fermi’s Golden Rule: 
(2.24) 
In this way, large bandgap semiconductor nanomaterials are the ideal structures 
for MPA given their high DOS due to surface defects generated during synthesis. 
Moreover, these defect-induced states are real states as compared to the virtual states 
enabling MPA transitions within traditional dyes. This implies that they are in fact time-
dependent, meaning they have an explicit lifetime before decay occurs and P(t) is a 
tangible phenomenon with a finite value which leads to large-value MPA-coefficients 
and the potential for excellence in bioimaging applications. 
2.2 Three-Photon Imaging Using Defect-Induced Photoluminescence in 
Biocompatible ZnO Nanoparticles 
Please note that the experimental results described here have been published as a 
peer-reviewed article.7 Some sections of this article are directly added (without any 
additional revision) here for completeness. The work in this part of my thesis was 
performed in collaboration with Prof. Terri Bruce of the Clemson Light Imaging Facility 
(CLIF).  
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Surgical oncologists need high-resolution imaging for delineating tumors and 
calcifications from normal tissue to allow resection while avoiding other structures that 
could cause acute or chronic morbidity (e.g., nerves, blood vessels, ducts, lymphatics, 
and glandular tissue).112–114 While many imaging techniques, such as computed 
tomography (CT), single-photon emission computed tomography (SPECT), positron 
emission tomography (PET), intraopertiave/functional magnetic resonance imaging 
(MRI) and ultrasound have been used in clinical and preclinical trials, no single technique 
is suited for addressing all clinical needs in terms of imaging depth and lateral 
resolution.112,115 For example, CT, MRI, PET and SPECT can probe deep into the tissue 
but suffer from poor spatial resolution (>1 mm). On the other hand, intraoperative MRI 
can assist in surgical resection of tumors but prolongs the duration of anesthesia and is 
very expensive.116 Intraoperative ultrasound is another promising technology, but it lacks 
sufficient sensitivity to detect tumor nodules smaller than 5 mm in size.115,116  
Multi-photon fluorescence imaging, which uses either intrinsic fluorescence of 
biomolecules or fluorescent contrast agents to identify diseased structures, has a great 
potential for detecting small size tumors that could be otherwise missed using traditional 
techniques such as MRI.116,117 Multi-photon imaging uses near-infrared (NIR) excitation 
wavelengths in the so-called optical transparency or water window (700-1100 nm) of 
biological tissues to mitigate light scattering and auto-fluorescence effects for deeper 
penetration. In particular, it has been long known that three-photon absorption (3PA) 
imaging with NIR excitation can penetrate through several millimeters of tissue and 
provide at least an order of magnitude higher resolution relative to one- and two-photon 
imaging.106 The disadvantage with this modality, however, is that the 3PA process is a 
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highly non-linear optical phenomenon, and usually requires very high powers at which 
photobleaching and phototoxicity from conventional dyes (e.g., methylene blue) with low 
3PA coefficients become significant concerns.104,105 In order to accurately identify tumor 
resection margins without photobleaching and background noise via 3PA imaging, it is 
imperative to achieve 3PA probes with three characteristics: (A) a high 3PA coefficient at 
low laser powers comparable to one- and two-photon imaging (1-10 mW), (B) a strong 
luminescence emission in the visible/NIR region with little or no photobleaching, and (C) 
a low immune/allergic response and no toxicity.  
In the past decade, many nanomaterials or NMs (e.g., Au/Ag nanorods and 
semiconductor quantum dots (QDs) such as CdSe and CdS) have been developed for in 
vitro and in vivo 3PA imaging.118,119 However, the use of ENMs has been impeded by 
their inability to simultaneously satisfy characteristics listed in A-C. For instance, CdSe 
and CdS exhibit strong optical absorption but the presence of Cd results in undesired 
toxicity.120,121 Similarly, Au/Ag nanostructures scatter light strongly and could lead to 
phototoxicity from plasmon-induced heat generation. Furthermore, the intrinsic 3PA 
coefficients of many existing NMs decrease rapidly at higher excitation wavelengths, 
making it challenging to achieve deeper penetration for imaging.  
Wide bandgap semiconductors such as ZnO and ZnS exhibit excellent 
biocompatibility with strong 3PA coefficients in the NIR region and could be ideally 
suited for 3PA imaging if strong visible/NIR photoluminescence is induced. Recently, Yu 
et al. overcame this challenge by doping ZnS nanocrystals with Mn to elicit visible 
photoluminescence for 3PA imaging.104 In their studies, a simultaneous absorption of 

















In this work, we demonstrate that ZnO nanoparticles (NPs) can simultaneously 
meet needs A-C for in vitro 3PA imaging of glioblastoma. ZnO NPs exhibit a lower band 
gap ~3.37 eV compared to ZnS and thereby, facilitate the use of longer excitation 
wavelengths ~950-1100 nm. The presence of intrinsic defects (such as O interstitials and 
Zn vacancies) in ZnO NPs induces electronic states within the band gap that can support 
strong visible luminescence without the need for extrinsic doping.  More importantly, the 
3PA coefficients of ZnO NPs are at least 8-10 times larger than ZnS in the near-infrared 
region (Fig. 2.5), which allows imaging at significantly lower powers (~5 mW) that are 
comparable to traditional two-photon imaging (1-10 mW). We show that pristine and 
RGD-functionalized ZnO NPs (~20 nm) synthesized using a polyol method display 
strong visible luminescence ~550-620 nm with high 3PA coefficients. The RGD peptides 
functionalization was used to selectively target αvβ3 integrin receptors in U87MG 
glioblastoma. While integrin-negative MCF-7 breast cancer cells did not show any 
selective uptake, U87MG glioblastoma cells exhibited increased uptake of RGD-
functionalized ZnO NPs. A three-photon excitation ~975 nm was successfully used to 
image U87MG glioblastoma in vitro through the defect-induced visible luminescence 
~550-620 nm from ZnO NPs. Lastly, no significant changes were found in in vitro cell 
viability confirming the biocompatibility of ZnO NPs.  
The mean diameter of ZnO NPs was found to be ~22 ± 5 nm using TEM (see 
Figure 2.6a). While as prepared ZnO NPs had a low zeta potential ~-11 mV, peptide 
functionalized ZnO NPs (pep-ZnO NPs) showed better stability ~-22 mV in deionized 
water. Single-photon PL studies showed a prominent band-edge emission at 380 nm with 
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325 nm excitation (~3.3 eV) in addition to a broad visible emission between 500-650 nm 
due to the presence of defects (Fig. 2.6b). The Zn 2p core-level in the XPS spectrum of 
ZnO NPs (Fig. 2.6c) displayed two peaks located at ~1021 and 1044 eV, which may be 
attributed to Zn 2p3/2 and Zn 2p1/2, respectively. On the other hand, O 1s displayed two 
peaks located at 530.5 and 532 eV, which belong to the Zn–O bonding in ZnO and C=O 
peak arising from the surface adsorbed acetate from the decomposition of zinc acetate 
during the synthesis. The results showed that the ratio of O/Zn is slightly higher than 
unity ~1.06, suggesting the presence of Zn vacancies (VZn), O interstitials (Oi), and anti-
sites (OZn). It is worth noting that Zn vacancies and O anti-sites are expected to be more 
predominant, as only a few O interstitials could be present due to the large size of O 
atoms. When taken together, PL and XPS results reveal that the Zn vacancies induce mid-













































1/3rd of the band gap energy of ZnO. The green luminescence was previously attributed 
to the presence of defect-induced surface states within the band gap of ZnO (see Fig. 2.7). 
Many hypotheses, often contradictory, have been proposed to establish relationships 
between ZnO visible emission and defect-induced states.126 Based on our results 
presented in Fig. 2.6, we attribute the visible luminescence of as-prepared ZnO NPs 
mainly to VZn, OZn, and possibly Oi (Fig. 2.7). Using 3PA imaging, pristine ZnO NPs 
were observed to physisorb mainly on the surface of MCF-7 and U87MG cells (Figure 
2.9a and b) defining their border with green luminescence. This result is expected, 
because as-prepared ZnO NPs lack specific functional groups that can selectively interact 
with the cell surface receptors to promote their uptake. Upon functionalization with 
c(RGDyK) peptide (specific for integrin receptors present on the U87MG surface), pep-
ZnO NPs were selectively endocytosed by U87MG cells unlike MCF-7 (Fig. 2.9c and d). 
While pep-ZnO NPs were found on the surface of MCF-7, no ZnO NPs were seen in the 
cell cytoplasm as indicated by the arrows in Fig. 2.9c. On the other hand, U87MG cells 
exhibited excellent uptake due to the selective interaction between c(RGDyK) peptides 
and αvβ3 integrin receptors (Figs. 2.9d and 2.10). Interestingly, yellow-orange emission at 
slightly longer wavelengths (~580-620 nm), possibly from few O interstitial defects, was 
occasionally observed in U87MG cells in addition to the green luminescence (Fig. 2.10c). 
Such a longer wavelength emission is advantageous for imaging due to mitigated 
scattering effects. The differences in the uptake of pep-ZnO NPs were also evident in the 
average green emission intensity. As expected, a significantly higher average intensity of 
three-photon luminescence (derived from at least five different spots) for U87MG 






















































μg/mL concentrations that are relevant to imaging experiments performed in this study. 
Data acquired by Gregory et al.7 
All the chemicals used were purchased from Sigma-Aldrich unless mentioned 
otherwise. ZnO NPs were synthesized by slowly heating zinc acetate dehydrate and 
polyvinylpyrrolidone (PVP, 10,000 g/mol) dissolved in diethyleneglycol (DEG) to 180 
oC.128 De-ionized (DI) water was injected drop-wise into hot zinc acetate-dissolved DEG 
solution using a syringe pump at a constant rate of 1 mL/s to induce nucleation of ZnO 
NPs indicated by the formation of a white precipitate. The reaction was stopped after 30 
mins. NPs were separated from the liquid by centrifugation (15,000 rpm) and then 
washed repeatedly with methanol to remove PVP and DEG. Subsequent centrifugation 
was used to remove methanol and the ZnO NPs were resuspended in DI water. The 
obtained ZnO NPs were characterized using transmission electron microscopy (TEM; 
Hitachi-7600), as shown in Fig. 2.6a. The mean diameter was found to be ~22 ± 5 nm. 
ZnO NPs were functionalized using tumor-targeting c(RGDyK) peptides through a 
traditional thiol-maleimide reaction.129 To this end, ZnO NPs (2.5 mg/ml) were bath 
sonicated with 3-mercaptopropionic acid (1.5 mg/ml) in dichloromethane (DCM) to 
introduce thiol groups onto the surface. For adding maleimide (a thiol-reactive group) 
onto c(RGDyK) peptides (for selective binding of αvβ3 integrin on U87MG cells), 
maleimide poly(ethylene glycol) succinimidyl carboxy methyl ester or Mal-PEG-SCM (5 
mg/ml; purchased from Creative PEGWorks) was reacted with of the c(RGDyK) peptide 
(0.75 mg/ml),  in phosphate buffer saline for 4 hr at room temperature . Subsequently, 
thiolated ZnO NPs (0.2 mg/ml) were added to the Mal-PEF-SEM and c(RGDyK) mixture 
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and stirred for 1 hr in the presence of tris(2-carboxyethyl)phosphine hydrochloride or 
TCEP (0.5 mg/ml). TCEP significantly increases the acidity of the solution and 3 M 
NaOH solution was added to neutralize the solution to pH ~7.2.  
Single-photon photoluminescence (PL) studies were performed using Horiba-
Jobin Yvon Nanolog (excitation: 325 nm). X-ray photoemission spectroscopy (XPS) 
measurements were performed using a Kratos Axis Ultra DLD instrument calibrated 
through C 1s peak at 284.6 eV. Linearly polarized 7 ns optical pulses from a Q-switched 
frequency-doubled Nd:YAG laser (Coherent) at 1064 nm were used for obtaining 3PA 
coefficients. The position dependent transmittance was measured using two calibrated 
photodetectors (Rjp-225; Laser Probe): one for incident and another for transmitted light. 
The value of the 3PA coefficient was obtained by numerically fitting the Z-scan curve to 
the 3PA propagation equation, given by dI/dz’ = −αI − γI3, where I is the intensity, α and 
γ are 1PA and 3PA coefficients, and z’ is propagation distance within the sample. 
Three-photon imaging experiments were performed using a Leica TCS SP8X 
multiphoton microscope coupled with a Coherent Chameleon Vision S Ti:Sapphire laser 
(excitation wavelength: 975 nm, average power at the sample ~5.2 mW). Pristine and 
functionalized ZnO NPs (10 ug/ml) were incubated with U87MG and MCF-7 (integrin-
negative) cells for different times and washed thrice to remove unadsorbed NPs, fixed in 
4% paraformaldehyde, and covered with PBS:glycerol (50/50, v/v). Images were 
acquired at 0, 10, 15, 30, and 60 min incubation times. Nikon NIS-Elements image 
analysis program was used to obtain intensities from at least five different regions of 
interest for each cell type and averaged to find the mean intensity. 
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To test the in vitro biocompatibility, RAW 264.7 mouse macrophage cells were 
seeded in 96 well plates (20,000 cells per well) and grown to 80% confluency before 
exposure to ZnO NPs (3.125, 6.25, 12.5,25, 50 μg/mL). After 24 hours of exposure to 
ZnO, cells were washed with phosphate buffered saline and phenol free media was added 
to each well.  Reagent from CellTiter 96® Aqueous One Solution Cell Proliferation Assay 
was added to each well and the plate was incubated for 45 minutes before absorption was 
measured on a Biotek plate reader. Viability was compared to the control group. For 
evaluation of reactive oxygen species (ROS) generation, RAW cells were exposed to 
ZnO NPs (3.125, 6.25, 12.5,25, 50 μg/mL) for 45 min in 24 well plates. Cells were 
trypsinized, pelleted, and washed with PBS three times. DCF regent was purchased from 
molecular probes (CM-H2DCFDA: Cat#C6827) and added to the RAW cells in PBS. 
Cells were incubated at 37°C for 30min before measuring the mean fluorescence using 
flow cytometry (Accuri C6).     
In summary, ZnO NPs (~22±5 nm) prepared using the polyol method exhibited a 
high 3PA coefficient ~0.5 cm3/GW2, which is 8-10 times larger than other wide band gap 
imaging agents such as ZnS. In addition to the band edge emission ~380 nm, intrinsic 
defects in ZnO NPs (particularly, zinc vacancies and oxygen interstitials) resulted in a 
strong green-orange visible photoluminescence (500-650 nm) for both single- and three-
photon excitations without the need for extrinsic dopants. The 3PA images obtained 
using ZnO NPs, functionalized with peptides, showed selective NP uptake by U87MG 
glioblastoma through integrin receptors, unlike MCF-7 breast cancer cells. The high 3PA 
coefficient of ZnO NPs facilitated in vitro 3PA imaging at ~5 mW, one of the lowest 
powers reported thus far for 3PA imaging modality. ZnO NPs did not exhibit significant 
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toxicity or ROS generation at concentrations used for imaging, confirming that the 
defect-induced emission in ZnO NPs is ideal for 3PA imaging.  
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CHAPTER THREE 
FUNDAMENTAL UNDERSTANDING OF AMYLOID FIBRIL DISEASES VIA 
ELECTRONIC INTERACTIONS WITH GRAPHENE 
3.1 Molecular Adsorption and the Gibbs Free Energy 
The process by which molecules or atoms in a gas or liquid phase adhere to the 
surface of a condensed phase substrate (typically solid state) through physical or 
chemical/electronic forces is known as adsorption. This chapter will emphasize 
associative adsorption and intact molecular adsorbate species without detailing effects 
from molecular separation and dissociation. Please note that the experimental results 
described in this Chapter have been published as a peer-reviewed article.8 Some sections 
of this article are directly added (without any additional revision) here for completeness.  
Gregory, W. E., Sharma, B., Hu, L., Raghavendra, A. J., & Podila, R. (2020). 
Interfacial charge transfer with exfoliated graphene inhibits fibril formation in 
lysozyme amyloid. Biointerphases, 15(3), 031010. 
Two primary types of adsorption are physical adsorption (physisorption) and 
chemical adsorption (chemisorption). Physisorption is more general and is a function of 
intermolecular distance, governed primarily by relatively weak van der Waals forces.130 
Multilayer adsorption is common with physisorption and the extent of coverage by the 
adsorbate is dependent on the surface area of the substrate (and hence available binding 
sites) in addition to other physical and chemical surface properties. Chemisorption is 
distinguished by the presence of chemical reactions through [stronger] Coulombic and 
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valence forces. It is specific and reliant on on the chemical composition of both adsorbent 
and adsorbate, often resulting in the formation of a monolayer novel phase at the phase 
boundary. Protein corona (PC) formation is typically a physisorption-based, dynamic 
phenomenon involving multiple layers of various biomolecular species (see Chapter 1.1 
Protein Corona Formation). PC encompasses both reversible and irreversible interactions 
between respective molecular species and the ENM substrate along with lateral 
interactions between species, making it decidedly complicated and its consequences for 
ENM biocompatibility not well understood. In Chapter 1, the effects of protein species 
and properties in conjunction with ENM properties were elaborated in terms of PC and 
protein affinity. In this section, the general thermodynamics of physisorption and 
chemisorption and the latter will be examined and applied experimentally in detail within 
the window of protein amyloid fibril inhibition via ENMs.  
General physisorption processes can be expressed in terms of several key 
thermodynamic entities including the enthalpy H and Gibbs free energy G of the system. 
We define enthalpy as the sum of the system’s total internal energy E and the work 
required to assemble the system in space,  
H = E + pV (3.1) 
For constant pressure inter-/re-actions, we consider the change in enthalpy ΔH = ΔE + 
pΔV as representative of the total heat absorbed or released by the system into its 
surroundings from the initial to final state. In the case of adsorption and PC, this quantity 
is known as the isosteric enthalpy of adsorption and is related to the heat released during 
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adsorption and ergo the energy necessary to regenerate the sorbent. Therefore, in general, 
higher valued enthalpies of adsorption relate to more selective processes, and the 
enthalpy of adsorption for physisorption is generally lower than that of chemisorption.  
The entropy of the surrounding space around the adsorption interaction is 
proportional to the change in total enthalpy of the system (heat released) provided that the 
temperature T is constant, such as the case in physiological environments: 
ΔSsurroundings = –ΔHsystem/T (3.2) 
Therefore, we have the total entropy expression, 
ΔStotal = ΔSsystem + ΔSsurroundings (3.3) 
          = ΔSsystem – ΔHsystem/T (3.4) 
If we multiply each side of the equation by –T, we get an expression with units of energy: 
–TΔStotal = ΔHsystem – TΔSsystem (3.5) 
This is the Gibbs free energy of the system, a thermodynamic concept that is 
critical to biochemical reactions including adsorption. The free energy change ΔG is the 
fundamental quantity used to understand the likelihood of a reaction occurring 
spontaneously/naturally. 
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ΔGsystem = ΔHsystem – TΔSsystem (3.6) 
The Second Law of Thermodynamics states that the total entropy must increase 
for a reaction to be spontaneous, therefore, for an adsorption process as described in 
Equation 3.4 to be a preferred change in state for the molecule(s)/ENM(s),  
ΔSsystem > ΔHsystem/T (3.7) 
Thus, 
TΔSsystem > ΔHsystem 
and 
ΔGsystem = ΔHsystem – TΔSsystem < 0 (3.8) 
Therefore, in order for a reaction to be spontaneous, the free energy change must 
be negative. We can further explicate that he stable phase of the adsorption system is the 
phase with the lowest Gibbs free energy. Hence, the equilibrium state for PC composition 
is one such that G is minimized. 
It should be noted that in order for protein folding (or organized stacking on a 
substrate) to occur spontaneously, entropy must be increased elsewhere within the 
surroundings. The “hydrophobic effect” is the process by which nonpolar entities 
aggregate in an aqueous environment and subsequently release water molecules into the 
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bulk water surroundings.6 Nonpolar amino acid/molecular groups located on 
proteins/surfaces of functionalized ENMs strongly associate with one another via 
hydrophobic interactions. The release of water molecules as a result of this process 
maintains its spontaneity. Additionally, van der Waals interactions, hydrogen bonds, and 
charge transfer interactions that take place release heat into the environment and provide 
a negative enthalpy and an overall negative Gibbs free energy change for the system.  
3.2 Amyloid Diseases 
Protein misfolding and amyloidosis are suspected causes of several life 
threatening and fatal diseases. Protein misfolding diseases can be grouped into two 
categories: noninfectious degenerative diseases such as Alzheimer’s disease and intensely 
infectious and deadly human transmissible spongiform encephalopathies (TSEs) 
commonly known as prion diseases. According to the Center for Disease Control, over 
120,000 people die from Alzheimer’s disease annually in the United States, making it one 
of the leading causes of mortality.131 Prion diseases account for another approximately 
250 deaths annually, and although they are rarer, they have the potential to affect all age 
groups and are typically fatal on much shorter time scales ranging anywhere from months 
to several years upon infection.132 Treatment for amyloid-related diseases is not 
medically streamlined or comprehensive. In fact, most treatment methods merely result in 
a temporary slowing of symptoms rather than prevention/inhibition of disease 
progression or a long-lasting therapeutic cure.133 Therefore, research-based evidence to 
derive effective and targeted treatment methods is of great interest and necessity. 
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Although the majority of protein synthesis results in native/natural protein 
conformation(s) and most proteins are stable in their respective native forms, protein 
misfolding occurs in a variety of proteins with available alternative minimal-energy 
folding states. Among these proteins are amyloid-β peptide (Aβ), islet amyloid 
polypeptide (IAPP), and prion protein (PrP). Protein folding is highly systematic and 
driven by the physiochemical properties of their amino acid sequences such as 
hydrophobicity and aromaticity. The average protein has approximately 300 amino acids 
and their ordering is critical to their abilities and functions within biological processes. 
Amino acid interactions resulting in protein conformation have been shown to be 
extremely local, following what is known as an “energetic funnel” (see Fig. 3.1).134,135 As 
demonstrated in the energetic funnel modality, a vital characteristic of native and 
biologically active folding states of the tertiary and secondary protein structures is the 
minimization of the molecular Gibbs free energy. Because peptide interactions are 
localized, synthesized proteins tend to reach their natural, functional and 
thermodynamically favorable conformity within microseconds via van der Waals forces, 
ionic and dipole interactions, hydrogen bonding and hydrophobic interactions.134 
Available misfolding states with comparable minimal free energies can also manifest 
spontaneously during these time scales along alternative energetic funnel pathways, 
resulting in the notably rapid progression of amyloid-mediated diseases. These 
misfolding states can cause lack of functionality, inherently toxic effects, as well as 
intense aggregation (deposition) in certain tissues due to the exposure of hydrophobic 
residues typically residing within the inner regions of the amino acid bundle.  
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Figure 3.1 The protein folding energetic funnel, representing preferred folding states as 
determined by minimizing the Gibbs free energy. Figure adapted from Buendía et al., 
Acta Agric Slov. 2016;107(2):355-371.134 
The concept of transient, semi-stable intermediate folding states is still not fully 
understood. Current views based on molecular dynamics simulations and in vitro 
experimentation in physiological-like environments limit protein folding in small proteins 
(<100 amino acids) to two states (folded and unfolded), however, for large proteins (>100 
amino acids), the existence of multiple intermediate states is accepted and considered to 
be the primary driver of amyloid diseases.136 However, because these states are typically 
only semi-stable, specific (mis-)conformations and their properties are difficult to 
observe and link to the kinetic mechanisms initiating and driving disease onset and 
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advancement. The most acknowledged shared intermediate during protein folding is 
known as the molten globule (MG), consisting of a relatively loosely packed 
configuration of amino acids predominantly bound by hydrophobic interactions. MG 
states have been observed to maintain similar secondary structure to their respective 
native state species with a fluctuating tertiary structure. The MG intermediate determines 
biologically active native states and the ability of a given protein to transition between 
states/functionalities. In some proteins, such as apolipoprotein E4 (apoE4), common 
isoforms have been shown to possess stabilized and long-lasting MG intermediates, 
resulting in limited functional flexibility and suspected to contribute to the risk of 
developing Alzheimer’s disease and atherosclerosis.137  
Point mutations in protein isoforms leading to alternative or blocked folding 
pathways can cause stabilization of these partially folded protein states with loose 
structures and exposed hydrophobic residues. At this point, proteins are driven to form 
large and insoluble aggregates, or amyloids, and undergo an ordered polymerization 
process known as fibrillation. Neurodegenerative diseases (e.g., Alzeimer’s and 
Parkinson’s) are directly correlated to the formation, accumulation, and progression of 
amyloid fibrils.138–141 Analysis of the secondary structure of amyloids and their fibrils via 
FTIR spectroscopy and other spectroscopic methodologies has demonstrated a large 
increase in overall β-sheet content, with resulting β structures in a relaxed and less 
twisted formation as compared to native protein.142 Fibrillation occurs in a two-phase 
growth pattern consisting of a “nucleation phase” or “lag phase” during which disordered 
amyloid aggregate(s) are formed, followed by what is known as the “rapid phase.”143 















self-stacking via electronic interactions with oligomer units. Hen egg white lysozyme 
protein (HEWL) is commonly used to study amyloid fibrillation due to its availability, 
low cost, and well-defined crystalline structure.145 Additionally, HEWL amyloid and 
fibril formation can be easily induced using elevated temperatures in acidic conditions, 
resulting in the presence of a variety of protein fragments with different lengths. This 
feature has been noted to provide a similar system to the physiological fibrillation of 
amyloid-β peptide (seed of the primary active amyloid in Alzheimer’s disease), which 
does not occur in intact, full-length globular protein.146 Section 4 of this Chapter 
describes in detail my work utilizing the ENM graphene’s aromaticity and electronic 
structure to successfully inhibit the growth of fibrillation of HEWL via the newly 
specified mechanism of interfacial charge transfer with the hydrophobic residue 
tryptophan. This work has potential to motivate a more targeted approach to designing 
successful and adaptable therapeutic treatment for neurodegenerative diseases.  
3.3 Charge Transfer and Workfunction 
2D ENMs such as graphene exhibit great potential as treatment vectors for 
amyloid fibrillation due to their physical and electronic structure. Graphene in particular 
is strongly hydrophobic and purely aromatic with a uniformly delocalized π-electron 
structure about its surface, making it an ideal material to probe the bonding interactions 
known to occur during protein misfolding. Moreover, its 2D structure maximizes access 
to its unique electronic structure and allows for stronger noncovalent interactions with 
biomolecules through increased surface area as compared to 0D and 1D ENMs. In 
previous work published by our group, Mallineni et al. deduced both the mechanism and 
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orientation of several 2D ENMs and their interactions with aromatic residues.63 They 
discovered that the particular electronic configuration of graphene led to strong 
interactions with the amino acid tryptophan, measured via micro-Raman spectroscopy, 
photoluminescence spectroscopy, and electrochemical characterization via cyclic 
voltammetry. Specifically, the delocalized π-electron cloud(s) in graphene induce a 
quadrupole moment resulting in a partial negative above and below the sheet and a partial 
positive charge in-plane (see Fig. 3.3). Similarly, tryptophan’s aromatic ring 
configuration can be considered a quadrupole with negative charge distribution above 
and below the ring. In graphene-tryptophan interactions, off-centered stacking due to 
quadrupole-mediated π-π (aromatic) interactions leads to charge transfer between the 
ENM and the amino acid. This irreversible charge transfer was observed as a new 
emergent peak in the cyclic voltammetry loop for a graphene-based working electrode 
and amino acid/PBS electrolyte system as seen previously in Figure 1.18. Furthermore, 
shifts in G-band of the Raman spectra of the graphene-tryptophan system vs. pristine 
graphene indicated the presence of charge transfer between the two species (cf. Fig. 
1.17). Therefore, graphene is a viable candidate for aromatic/hydrophobic interactions 
with misfolded proteins and protein fragments with high tryptophan content, including 




















number of edges (such as from exfoliation) or chemical defects (i.e. via oxidation) 
increase the probability of charge transfer by increasing the density of states at the Fermi 
level.  
This potential for charge transfer therefore requires a difference in workfunction 
(Φ), with the donor species possessing a smaller valued Φ than its acceptor partner. 
Workfunction of a material is an intrinsic quantity defined as the least energy required to 
free an electron from its surface, and mathematically defined as the difference between 
the energy at vacuum (Evac) and the Fermi energy (EF) of the material,  
Φ = Evac – EF (3.9) 
Pristine graphene is a zero bandgap semi-metal that is uniformly aromatic, such that π-
electrons along its surface are mobile and available for charge transfer to occur at nearby 
energy states. Because graphene is a relatively large conjugated π-orbital system due to 
its electronic uniformity (vs. small aromatic molecules), energy is well distributed across 
the surface of the material typically ensuring that the graphene/acceptor pair is stable. As 
demonstrated in the work of Mallineni et al., this can lead to relatively strong and 
irreversible noncovalent charge transfer interactions between graphene and adsorbed 
protein species.63 
Kelvin probe force microscopy (KPFM) can be used to measure the 
workfunctions of materials by measuring the difference between the workfunction of the 
material and a known workfunction of the AFM tip material.148 Additionally, the 
workfunction of the substrate must also be measured to calibrate the system and calculate 
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the value of the unknown material. These measurements are in the form of contact 
potentials (mV) and are related to the workfunction via Equation 3.9, as demonstrated in 
the experimental work presented in Section 4 below. Thus, the likelihood for noncovalent 
interactions in the form of charge transfer between species along with their roles as 
donor/acceptor pairs can be elucidated using the KPFM technique to determine the 
relative position(s) of their workfunctions. 
3.4 Interfacial Charge Transfer with Exfoliated Graphene Inhibits Fibril Formation 
in Lysozyme Amyloid 
Amyloid fibrillation is known to contribute to the cause and progression of a variety 
of diseases including neurodegenerative disorders (e.g., Alzheimer’s and Parkinson’s 
disease) and Type II diabetes. 149–152 The inhibition of fibrillation has been suggested as a 
possible therapeutic strategy to prevent neuronal and pancreatic β-cell death associated 
with amyloid diseases. To this end, strong hydrophobic and π-π interactions between 
proteins and nanomaterials at the nano-bio interface could be used to mitigate the 
stacking of amyloid structures associated with fibrillation.153–155 In my study published in 
Biointerphases (Gregory et al., Biointerphases. 2020;15(3):031010.), we show that 
exfoliated graphene effectively inhibits the formation of amyloid fibrils using a model 
amyloid-forming protein viz., hen egg white lysozyme (HEWL).8 While previous 
theoretical models posit that hydrophobic and π-π stacking interactions result in strong 
interactions between graphene and proteins, we experimentally identified the presence of 
additional interfacial charge transfer interactions between HEWL and graphene using 
micro Raman spectroscopy and Kelvin probe force microscopy. Our photoluminescence 
spectroscopy and transmission electron microscopy studies evince that the interfacial 
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charge transfer combined with hydrophobic and π-π stacking interactions, specifically 
between the nanomaterial and the amino acid tryptophan, increase HEWL adsorption on 
graphene and thereby inhibit amyloid fibrillation. 
As mentioned in the previous section, many proteins (e.g., amyloid-β peptide 
(Aβ), islet amyloid polypeptide (IAPP), and prion protein (PrP)) in the human body are 
known to form amyloids due to undesired conformational changes assumingly provoked 
by environmental factors.155,156 These conformational changes in the secondary structure 
of proteins during the formation of amyloids expose hydrophobic protein substructures, 
observed sometimes alongside an increased β-sheet content, that initiate aggregation, 
highly ordered self- stacking, and ultimately lead to fibrillation and disease.152 While the 
native proteins (e.g., Aβ, IAPP, and PrP) prone to amyloidosis often share no core 
structural commonalities, their resulting fibrils are strikingly similar in configuration and 
appearance.157 Furthermore, amyloid fibrils are known to affect normal cellular functions 
by disrupting membranes and generating reactive oxygen species (ROS), in many cases 
resulting in cytotoxicity.19,158,159 Although a fundamental understanding of mechanisms 
involved in amyloid-induced disorders is still evolving, it is now clear that the inhibition 
of fibril formation is imperative as a prominent tool for prevention and treatment of 
amyloid diseases among other methods including the inhibition of toxic oligomer 
formation154 and the facilitation of cellular death by additional cellular components.160 In 
the past decade, it has been found that π-π interactions play a large role in amyloid 
fibrillation.6,157,161–165 During protein fibril formation, π-stacking leads to an increase in 
entropy through the release of water molecules that are otherwise bound to aromatic 
residues of unfolded proteins. Thus, the inhibition of π-stacking using small molecules 
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has been suggested as a possible therapeutic intervention for amyloid-related diseases. 
Aromatic interactions between therapeutic molecules and amyloids, which interrupt the 
self-organization associated with fibril formation, are a well-studied phenomenon.6,157,161–
165 Indeed, many research groups used aromatic molecules (e.g., the amyloid-targeting 
dye Congo red) to prevent fibrillation of a number of amyloid forming proteins. For 
example, Porat et al. demonstrated that Congo red interacts specifically with the aromatic 
moiety phenylalanine-24 in the amyloidogenic insulin dimer via aromatic interactions.160 
Porat et al. also studied numerous known polyphenol β-amyloid inhibitors including 
apomorphine, curcumin, and tannic acid by comparing their structural components and 
inhibiting behavior to that of Congo red. Similarly, polyphenols have been shown to stunt 
fibril growth,162 plausibly through the inhibition of aromatic interactions.  
Graphene, a hexagonal two-dimensional lattice of carbon atoms, is known to 
interact with a variety of organic molecules through π-stacking and charge transfer 
interactions.63,153,165–167 Although graphene has been hypothesized to inhibit fibril 
formation by disrupting π-π interactions, previous experimental and theoretical studies 
ignore the role of charge transfer at the molecular level. Many studies report on graphene 
oxide (GO) or reduced GO (rGO), neither of which are truly π-conjugated structures like 
graphene.153,167 As pointed by Martinez et al., much experimental and theoretical 
evidence shows that the terms “π-stacking” or “π–π interactions” are misleading because 
they are often used to connote a special type of attraction that is insignificant in reality.168 
In this regard, π-π interactions cannot be directly used to describe the observed inhibitory 
effects of graphene based systems on fibril formation. Based on experimental studies and 
molecular dynamics (MD) simulations, Nedumpully-Govindan et al. found that aromatic 
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stacking enables GO to inhibit human IAPP fibrillation through a combination of 
hydrogen bonding and π-π stacking.153 Similarly, Todorova et al. theoretically 
investigated the roles of two aromatic residues (Tyr63 and Phe67) in influencing the 
adsorption of another amyloid-forming protein viz., apoC-II(60-70) onto graphene.167 
Specifically, their density function theory (DFT) calculations along with MD simulations 
confirmed that the protein exhibited strong face-to-face π-stacking between its aromatic 
rings and the graphene surface. Extending beyond a simple π-stacking framework, 
previous experimental and theoretical studies showed clear evidence for chemisorption of 
aromatic amino acids on graphene, which was facilitated by charge transfer between 
graphene and aromatic amino acids, specifically tryptophan, due to differences in their 
electronegativities.63 In this previous work by our team, we isolated tryptophan as the 
only aromatic amino acid in the study to both have high affinity and irreversible charge 
transfer with pristine graphene in particular as observed through both a broadening in the 
G and 2D Raman bands of graphene as well as the presence of a new peak in the cyclic 
voltammetry loop.63 Notwithstanding the existing studies and recent experiments with 
GO and rGO, the influence of graphene on fibril formation beyond a “π-stacking” 
framework has not yet been experimentally investigated in detail. To this end, in our 
studies, we used hen egg white lysozyme (HEWL) as a model protein to examine the 
influence of chemically exfoliated graphene on amyloid behavior, including the initial 
unfolding of the HEWL protein and overall development of amyloids, and fibril 
formation. We used a comprehensive array of tools including fluorescence, circular 
dichroism, micro-Raman, and light scattering spectroscopy, along with Kelvin probe 
force and transmission electron microscopy (KPFM and TEM, respectively) to delineate 
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the charge transfer interactions between exfoliated graphene nanoflakes and HEWL 
amyloids. Although graphene did not show discernible effects on the denaturation and 
aggregation of lysozyme into the amyloid state, the nanoflakes inhibited fibrillation in a 
dose-dependent manner. Thioflavin-T fluorescence measurements indicated that 
graphene mitigated fibril formation of HEWL. In addition to π-π interactions, we found 
clear spectroscopic and microscopic evidence for interfacial charge transfer interactions 
between graphene and unfolded HEWL using Raman spectroscopy and KPFM. Our 
KPFM measurements suggested that the highest occupied molecular orbital (HOMO) 
energy levels of HEWL are positioned above the workfunction of graphene, leading to 
charge transfer between HEWL and the nanoflakes. Such interfacial charge transfer along 
with π-π interactions increased the adsorption of unfolded HEWL onto graphene and 
thereby mitigated fibril formation. 
Lysozyme from chicken egg white was purchased from Sigma Aldrich. Other 
chemical reagents used included sodium chloride (NaCl, Sigma Aldrich), potassium 
chloride (KCl, Sigma Aldrich), and hydrochloric acid (HCl, BDH Aristar Plus). All 
solutions were prepared using double deionized water. Exfoliated graphene nanoflakes 
used in this experiment were synthesized and prepared via tip sonication assisted solvent 
exfoliation of bulk graphite as outlined by Radic et al. and were characterized via micro 
Raman spectroscopy and transmission electron microscopy.164 
Amyloid growth conditions were readied using the method outlined by Liu and 
Wang with a small modification in that sodium azide was not included in the growth 
process.169 Samples were prepared in HCl solution containing 137 mM NaCl and 2.7 mM 
KCl with a final pH of 2.5. This solution was magnetically stirred at 350 rpm for 
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approximately 1 hour prior to the experiment. A fixed protein concentration of 2.0 
mg/mL (71.4 mM) of lysozyme was used for amyloid samples (all samples other than 
graphene controls). All samples were prepared in bulk and incubated in centrifuge tubes 
at 60°C on a rotator/rotisserie to accelerate amyloid formation after 0.3 mL was removed 
from each for the 0 hour measurement. For every successive time measurement, 0.3 mL 
of each sample was removed from the bulk with a sterile pipette and analysed at 2, 4, 8, 
and 24 hours. Pure lysozyme measurements were conducted in the same manner for a 
protein concentration of 2.0 mg/mL incubated at room temperature (“unheated” or “non-
amyloid conditions” for time span of the experiment).  
Graphene stock solution was prepared in identical HCl solution as protein stock 
and was tip-sonicated for 30 minutes prior to the experiment. Amyloid samples were 
incubated (conditions detailed in previous section) with a range of exfoliated graphene 
concentrations: 0 mg/mL (pure HEWL with no graphene nanoflakes present in solution), 
0.01 mg/mL, 0.1 mg/mL, and 0.5 mg/mL (referred to in figures via concentration, e.g., 
“w/ 0.01mg/mL graphene”). Similarly, graphene controls in HCl solution were prepared 
and incubated at identical concentrations. Zeta potential data were collected for all 
samples using a Zeta-Sizer equipped with a quartz Dip Cell with N=3 measurements per 
sample per time step. These data were used to determine the stability of sample solutions 
and any effects on such due to graphene concentration.  
Circular dichroism (CD; Jasco J-810) spectra for pure lysozyme and amyloid 
samples were measured for a range of 199-260 nm to monitor β-sheet secondary structure 
over time. Estimates of β-sheet components were found using CAPITO free online CD 
analysis and plotting software. Graphene-exposed sample spectra were corrected using 
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the spectra of their corresponding controls with no amyloid or protein present in the 
samples.  
Photoluminescence (PL) spectra were measured at 5 nm slit width using a Horiba 
iHR 550 spectrometer equipped with a TRIAX 550 liquid nitrogen cooled CCD. 
Tryptophan (Tryp) fluorescence to detect protein unfolding and secondary structural 
changes was collected with an excitation wavelength of 280 nm for an emission range of 
320-380 nm. Each PL measurement was made for 2.5 mL of diluted sample solution
(approximately 14 μM) in a 10 mm quartz cuvette. Graphene-exposed sample spectra 
were corrected using the spectra of their corresponding controls.  
Thioflavin-T (Th-T) fluorescence was monitored at each time step to 
quantify fibrillation of each sample. Th-T data was collected using an excitation 
wavelength of 440 nm for an emission range of 460-600 nm. Th-T assay was prepared 
such that the final concentration of Th-T was approximately 20 μM in each sample and 
all measurements were again made for 2.5 mL in a 10 mm quartz cuvette.  
Transmission electron microscopy (TEM; Hitachi 7600) images were taken for all 
amyloid samples after 24 hours. Samples were prepared via drop cast method on 200 
mesh copper TEM grids (Ted Pella). Data were used to confirm presence of amyloid 
fibrils in the sample(s).  
Micro-Raman spectroscopy was performed with a 514.5 nm Ar+ ion excitation 
coupled to a Renishaw micro-inVia spectrometer equipped with a 50x objective and 
Peltier-cooled CCD. Exfoliated graphene nanoflakes were pressed onto a glass slide for a 
“pure” graphene sample, which was compared to the 0.5 mg/mL graphene control and 0.5 
mg/mL graphene/lysozyme spectra (both subjected to amyloid conditions). The 0.5 
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mg/mL graphene control and the 0.5 mg/mL graphene/amyloid samples were both 
prepared via drop-cast method on glass slides and allowed to air dry. Spectral data 
referred to in the Results and Discussion section of this project are averages with N=3. 
No discernible differences between the graphene control and the pressed, “pure” 
graphene sample spectra were measured.  
Kelvin probe force microscopy (KPFM) images were obtained using an AIST-NT 
Smart SPM. The conductive AFM probes with full coverage gold coating were purchased 
from Mikromash (workfunction, Φgold = 5.1 eV). The KPFM measurements were 
obtained at a scan rate of 1-2 Hz and bias voltage of 4.0 V. All samples were air-dried on 
silver-coated glass prepared by thermal evaporation with an average roughness of 9.3 ± 
0.2 nm and a thickness of 80 nm. AIST-NT image analysis and processing (version 
3.3.105ex1) software was used for all contact potential difference (CPD) data collection. 
Average CPD data were collected from at least 100 readings from several scans for each 
sample. The silver coating on the substrate was used as a calibration measurement, 
generating a workfunction within previous literature values of Φsilver = 4.73 ± 0. 34 eV.  
HEWL is known to denature and form amyloid fibrils quickly when incubated 
above room temperature around 60 °C in acidic conditions (pH 2.5).153,167 Amyloid fibril 
formation has been proposed to occur through a polymerization process consisting of two 
phases viz., nucleation (lag phase) and extension (growth phase). In our experiment, 
HEWL was subjected to 60 °C acidic conditions to thermodynamically favor the 
formation of partially unfolded intermediates and subsequent nucleation needed for 
fibrillation. To test the effects of chemically exfoliated graphene nanoflakes on HEWL 
denaturation and the formation of amyloid fibrils, three concentrations of graphene (0.01, 
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0.1, and 0.5 mg/mL) were added to the initial HEWL protein in hydrochloric acid (HCl, 
pH 2.5) and incubated at 60 °C for 0, 2, 4, 8, and 24 hours. The zeta (ζ) potential of pure 
lysozyme solution at pH 2.5 was found to be 10.2 ± 1.5 mV at room temperature, while 
as-prepared graphene solution in the same conditions was measured at -14.9 ± 2.9 mV. 
Upon heating, the denaturation of HEWL resulted in an increased zeta potential that 
saturated around 30.5 ± 0.2 mV after 24 hours (see Figure 3.4a). Two-tailed t-tests 
assuming unequal variance were performed at each time step between all samples with 
significance values set at p < 0.05. It was observed that the addition of graphene at 
different concentrations did not have any significant effect on the zeta potential of 
denatured HEWL (Fig. 3.4a). All statistical parameters calculated for Fig. 3.4a and t-test 
analysis results can be found in Tables 3.1 and 3.2. Conformational changes in denatured 
HEWL (both with and without graphene exposure) heated for 0-24 hours were analyzed 
via circular dichroism (CD) spectroscopy (Fig. 3.4b). While the pure (unheated) HEWL 
structure remained constant over 24 hours with secondary structural components in the 
appropriate range of approximately 44% α-helix, 29% β-sheet, and 27% irregular, all 
other HEWL samples – including samples incubated with graphene – subjected to 
amyloid conditions (i.e. incubated at 60°C in HCl with pH 2.5) showed denaturation with 
a marked increase in β-sheet content from ~30% to ~50%. HEWL denaturation was also 
monitored through Tryptophan fluorescence intensity (Figure 3.5), which concurs with 
CD spectra (Figure 3.6). It can be inferred from the above results that the presence of 
graphene does not influence denaturation subject to amyloid forming conditions. Such a 

































The increase in β-sheet content of unfolded HEWL exposes hydrophobic 
substructures that initiate aggregation, highly ordered self-stacking, and ultimately 
formation of amyloid fibrils.152 It is expected that the strong π-π interactions between 
aromatic amino acids (e.g., tryptophan, tyrosine, and phenylalanine) within these exposed 
hydrophobic structures of denatured HEWL and graphene could inhibit the fibril growth. 
To test this hypothesis, we studied the fibril evolution from denatured HEWL in the 
presence of graphene using Thioflavin-T (Th-T) assay. Th-T is a benzothiazole salt that 
has high affinity for amyloid fibrils and exhibits enhanced fluorescence in its emission 
upon binding. As shown in Figure 3.7, Th-T fluorescence was monitored to quantify the 
degree of relative fibrillation in HEWL subjected to amyloid forming conditions from 0-
24 hours. Th-T fluorescence intensities for the pure HEWL as well as graphene/HEWL 
samples were comparable initially (0 hours incubation time), as expected due to the 
absence of fibrils. However, after 24 hours, the Th-T fluorescence dramatically increased 
for all samples, confirming the formation of amyloid fibrils. Interestingly, Th-T 
fluorescence intensity decreased with increasing concentration of graphene (see Fig. 3.7). 
Such results imply a reduction in relative fibril growth for graphene-exposed samples by 
approximately 14% (for 0.01 mg/mL), 64% (for 0.1 mg/mL), and nearly 96% (for 0.5 
mg/mL). Based on our control experiments with pristine graphene and Th-T, quenching 
was ruled out as a possible cause for the reduction in fluorescence. In addition to Th-T 
studies, visual confirmation of the presence of fibrils was obtained through transmission 
electron microscopy (TEM) imaging of the 24-hour amyloid samples (Fig. 3.8). We 
observed fully matured amyloid fibrils along with unfolded HEWL aggregates in all 
samples, including those with graphene nanoflakes. However, the amorphous HEWL 
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aggregates were found to be more prominent in the presence of graphene suggesting that 
graphene inhibited the maturation of unfolded lysozyme into fibrils in agreement with the 
Th-T spectra. In the TEM analysis, graphene flakes were distinguished by their 
crystalline and electrically conducting nature unlike HEWL aggregates that showed 
charging effects. It can be gleaned from these results that π-π interactions between the 
graphene and exposed aromatic amino acids in unfolded lysozyme prevent β-sheet 
stacking amongst surrounding amyloids, and thus inhibit formation of additional fibrils. 
Figure 3.7 Thioflavin-T fluorescence measurements after 0.5, 2, 4, 8, and 24 hours. Fibril 
formation is evidently decreased with increasing graphene concentration with the most 










that pure exfoliated graphene interacted strongly with tyrosine and tryptophan, 
undergoing irreversible charge transfer due to chemisorption of tryptophan as measured 
by a new peak in the cyclic voltammetry loop (see Fig. 1.18).63 These interactions with 
tryptophan were identified as off-centred, face-to-face π-stacking between the amino acid 
and the graphene sheet arising from quadrupoles induced by the π-electron clouds 
uniformly distributed across the nanoflake’s surface. In addition to π-π interactions, we 
also demonstrated that the differences in electronegativity between aromatic amino acids 
and graphene induce charge transfer, which in turn increases aromatic amino acid 
adsorption on graphene sheets. In the case of unfolded HEWL (subject to amyloid 
forming conditions), it is plausible that the charge transfer between exposed aromatic 
residues, primarily tryptophan as it is the most prominent aromatic amino acid in HEWL, 
and graphene increases the adsorption of unfolded HEWL on graphene and thereby 
disrupts protein-protein interactions and nucleation to mitigate fibril formation. 
We experimentally investigated charge transfer interactions between the unfolded 
lysozyme and graphene using micro Raman spectroscopy (Fig. 3.9). Graphene exhibits a 
strong first-order Raman feature known as the G-band ~1585 cm-1, which is understood 
to upshift (downshift) when any acceptor (donor) species interacts via electron (hole) 
transfer from graphene. The peak frequency of the G-band is dependent on the Fermi 
energy (EF) of graphene. In a simplistic picture, an upshift (downshift) in EF results in a 
downshift (upshift) in the G-band.173 It was also theoretically shown that the EF of 
graphene undergoes an overall shift (as large as 0.21 eV) upon interaction with amino 
acids due to charge transfer.170 In our case, we found that the G-band of graphene/HEWL 
(0.5 mg/mL incubated for 24 hours under amyloid forming conditions) upshifted by        
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5 cm-1 suggesting possible electron transfer from graphene to unfolded HEWL. 
Additionally, we also observed that the G-band as well as the defect or D-band (arising 
from crystal defects such as edges of the graphene sheet, ~1380 cm-1) exhibited 
pronounced broadening in the presence of unfolded HEWL. The adsorption of unfolded 
HEWL on graphene contributes prominently to the non-radiative decay of excited 
electrons, which in turn results in the observed broadening of G- and D-bands. These 
results confirm that unfolded HEWL exhibits chemisorption through interfacial charge 
transfer, which is critical for overwhelming undesired π-stacking between unfolded 
proteins. 
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Figure 3.9 Raman spectra for pure exfoliated graphene (black) and graphene at 
0.5mg/mL exposed to lysozyme amyloid for 24 hours (red) show a clear shift of the G-
band from 1581 cm-1 to 1585 cm-1 indicative of charge transfer between the CNM and the 
amyloid. Data acquired by Gregory et al.8 
To further asses this apparent charge transfer as measured by the shift in the G-
band of graphene, we used Kelvin probe force microscopy (KPFM) to analyse the 
workfunctions of native HEWL, HEWL amyloid, and graphene (Fig. 3.10). Additional 
KPFM data for native HEWL, graphene nanoflakes, and lysozyme amyloid fibrils can be 
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found in Figures 3.11, 3.12, and 3.13. It is known that a material’s workfunction is an 
important factor in its ability to interact with surrounding materials through charge 
transfer (see Figure 3.14).174–176 Average contact potential difference (CPD) 
measurements (see experimental details) were used to calculate the workfunction of each 
sample by Equation 3.10, 
(3.10) 
where VCPD is the average CPD, Φtip = Φgold = 5.1 eV, and e is the elemental charge. The 
workfunctions were found to be: Φgraphene = 4.66 ± 0.20 eV, ΦHEWL = 4.94 ± 0.20 eV, and 
Φamyloid = 4.72 ± 0.19 eV, suggesting that graphene energy levels are placed above those 
of the lysozyme and amyloid fibrils with respect to vacuum. Thus, electron transfer is 
plausible from graphene to both native (not denatured) and amyloidogenic HEWL 
concurring with our Raman spectra. The energy difference associated with such a charge 
transfer between graphene and lysozyme (|ΦHEWL - Φgraphene|), ~ 0.3 eV, is in agreement 
with theoretical simulations that show EF shift ~ 0.2 eV due to charge transfer between 
aromatic amino acids and graphitic materials.174 Additionally, the effectiveness of charge 
transfer from graphene sheets to lysozyme fibrils depends largely on the electronic 
structure of the graphene surface. It is possible to alter the material’s electronic structure 
through the introduction of surface treatments such as physical and chemical defects into 
the graphene sheet, including doping, oxidization, and physical disruption of the carbon 
lattice. As each of these modifications alters the distribution of electrons and the 




workfunction of the material, it is plausible that the graphene structure can be tuned to be 
more conducive to irreversible charge transfer with the active aromatic residues in 
lysozyme (primarily tryptophan). Further inquiry to determine these interactions should 
be investigated in future studies to assess the role of charge transfer within graphene-
based materials. 
Figure 3.10 Kelvin probe force microscopy maps of the contact potential difference 
(CPD) for a) native lysozyme protein in non-amyloid conditions (i.e. at room 
temperature), b) 0.5 mg/mL exfoliated graphene control, and c) lysozyme amyloid fibrils 


























through π-π interactions. In addition, Raman spectroscopy suggested the presence of 
additional interfacial charge transfer between graphene and exposed aromatic amino acid 
residues, plausibly tryptophan, in unfolding HEWL. Kelvin probe force microscopy 
measurements support this evidence of interfacial charge transfer in confirming the 
possibility of such between exfoliated graphene and both native lysozyme and mature 
HEWL fibrils. The inhibition of fibril growth is plausibly due to both charge transfer 
interactions and π-stacking between graphene and aromatic residues. This work proves 
new insights into amyloid inhibition through interfacial charge transfer imperative for 
development of graphene- or aromaticity-based therapies against amyloid diseases. 
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CHAPTER FOUR 
PROPOSED FUTURE WORK 
As the studies in the previous chapters of this thesis have made clear, 
nanotechnology is a prominent participant in many major applications in medical 
technology including high-resolution and deep penetrating biomedical imaging and 
fundamental understanding of disease onset and treatment. Noted in the beginning two 
chapters of this dissertation is the need for in-depth and conclusive understanding of the 
toxicity profiles of various nanomaterial families to make these applications realistic and 
attainable. In a presently ongoing project, I initiated studies on the effects of physical 
defects introduced through ball-milling on the in vitro immunotoxicity of single-walled 
carbon nanotubes (SWCNTs) and whether toxicity can be mediated through simple 
protein corona. These studies are inspired by our group’s recent article published in 
Nanotoxicology 14 (2), 145-161. In our earlier study, it was hypothesized that the 
presence of varying chemical defects in ZnO NPs will contribute to cellular toxicity in rat 
aortic endothelial cells (RAECs). Pristine and defected ZnO NPs (oxidized, reduced, and 
annealed) were prepared and assessed three major cellular outcomes; 
cytotoxicity/apoptosis, reactive oxygen species production and oxidative stress, and 
endoplasmic reticulum (ER) stress. ZnO NPs chemical defects were confirmed by x-ray 
photoelectron spectroscopy and photoluminescence. Increased toxicity was observed in 
defected ZnO NPs compared to the pristine NPs as measured by cell viability, ER stress, 
and glutathione redox potential. It was determined that ZnO NPs induced ER stress 
through the PERK pathway. Taken together, these results demonstrated a previously 
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unrecognized contribution of chemical defects to the toxicity of ZnO NPs, which should 
be considered in the risk assessment of engineered nanomaterials. 
 In a very similar way, we also observed in our preliminary studies that chemical 
defects in ball milled SWCNTs cause some differences in toxicity. Preliminary results 
were promising, showing a clear and stark difference in reactive oxygen species (ROS) 
generation and overall cellular toxicity for bovine serum albumin (BSA) coated SWCNTs 
as compared to bare SWCNTs and bovine fibrinogen coated SWCNTs for all ball-milling 
times (e.g., all defect densities). Additionally, BSA-SWCNTs showed preferential uptake 
by macrophage cells, noted by an increase in visible ENMs via Cytoviva hyperspectral 
microscopy and an increase in average cellular diameter measured through flow 
cytometry. These results are important for the consideration of SWCNTs as multiphoton 
excitation optical probes, provided that optical properties are enhanced through the 
introduction of defects (see Chapter 2), which have been shown in previous published 
experiments by our group to greatly affect protein corona composition and thus implicate 
biocompatibility.17 The following section will present these initial results and current 
understandings.  
4.1 Bovine Serum Albumin Protein Corona Promotes Cellular Uptake and Increases 
Biocompatibility of Pristine and Physically Defected SWCNTs 
As carbon nanotubes are continually considered in pharmacokinetics and many 
biomedical and bioengineering applications, it is necessary to understand their inherent 
properties that determine biomolecule affinity and the role these properties play in 
biocompatibility. As previously discussed, when nanomaterials are introduced into the 
physiological environment they are exposed to proteins, lipids, and other molecules that 
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are spontaneously adsorbed onto their surface(s). The complex structure formed by these 
molecules is called a protein- or bio-corona and is known to alter the nanomaterial’s 
inherent physiochemical properties that determine the material’s aggregation tendencies 
and biological interactions. Details about the formation of protein corona can be found in 
Chapter 1 of this thesis. To this point, the presence of biocorona affects the overall 
cytotoxicity of nanomaterials and may in some cases serve to thwart potential immune 
responses, a notably important concept with respect to nanotubes due to their prowess as 
drug delivery vectors and bioimaging agents.  
Biocorona formation is indeed a multifaceted and dynamic process that begins 
immediately upon the entrance of a foreign material, such as a nanotube, into a 
physiological environment. It is comprised of a “hard” inner corona that is largely 
thermodynamically stable along with a “soft” outer corona that is constantly interacting 
with other molecules within the corona as well as in the surrounding environment. 
Intrinsic physiochemical properties such as physical structure and morphology, surface 
charge distribution, and hydrophobic/-philic behaviors affect the initial affinity of 
proteins and other biomolecules along with their respective concentrations in the 
biological milieu. For instance, in my previous work we have shown that differences in 
the lattice structure of carbon nanomaterials resulting from chemical and physical defects 
(introduced through unzipping and oxidization) affect the affinity and adsorption of the 
blood proteins albumin and fibrinogen.6 Additionally, these characteristics also affected 
the overall absorption dynamics as measured through photoluminescence and cyclic 
voltammetry, and confirmed theoretically using molecular dynamics simulations.  
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It has previously been shown by Raghavendra et al. that, in the case of carbon 
nanotubes, protein-/biocorona makeup in part depends on the defect density of the 
material.17 Specifically, physical defects due to ball milling of single-walled nanotubes 
led to observable adsorption preferences of particular proteins/biomolecules. In this 
research, we examined the effects of the two most abundant blood proteins, serum 
albumin and fibrinogen, on the aggregation dynamics, cellular uptake, and toxicity in 
vitro of single-walled carbon nanotubes (SWCNTs) of various physical defect densities 
as confirmed with Raman spectroscopy. Pristine and ball milled SWCNTs, both bare as 
well as functionalized with simple protein corona, were incubated with RAW 264.7 
macrophages and analyzed using hyperspectral darkfield microscopy, flow cytometry, 
and immunotoxicity/cytoxicity assays. BSA-conjugated SWCNTs were found to be more 
likely to undergo cellular uptake as measured by both hyperpectral redshifts and changes 
in average macrophage diameter via flow cytometry. Protein corona in general promoted 
cellular uptake compared to bare SWCNTs for all defect densities. Interestingly, BSA-
SWs were confirmed to not only undergo more pronounced uptake but to be more 
biocompatible than fibrinogen-conjugated SWCNTs as measured via ROS production 
and cell viability assays. Our studies demonstrate that BSA is a simple and effective 
surface functionalization technique to decrease the in vitro toxicity of SWCNTs and 
promote cellular ingestion, both critical aspects to realizing SWCNTs potential in 
emerging biomedical applications. That said, we are yet to perform a more statistically 
rigorous study better identify links between defects and cytotoxicity. 
High purity single-walled carbon nanotubes (SWCNTs; length: 5-30 μm, outer 
diameter: 1-2 nm) were purchased from Sun Innovations, Incorporated. Nanotubes were 
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subsequently ball-milled (MTI planetary ball mill) for 0, 2, 4, 6, and 8 hours following 
the procedure laid out by Raghavendra et al.17 Micro-Raman spectroscopy (Renishaw 
InVia coupled to 514.5 nm Ar + laser) was used to obtain the Raman and 
photoluminescence spectra of SWCNTs. The presence of radial breathing modes was 
used to confirm single wall morphology. Collected Raman spectra were normalized with 
respect to the G-band (graphitic band), and corresponding defect densities of each sample 
were determined using the ratio of the D-band to the G-band (ID/IG). Powdered samples 
were pressed on glass slides and all spectra were recorded as averages of three spots. A 
Hitachi-9500 high-resolution transmission electron microscope (TEM) was used for all 
SWCNT micrographs.  
Bovine serum albumin (BSA) and bovine fibrinogen (Fib) were purchased from 
Sigma Aldrich and used as model proteins for human serum albumin and human 
fibrinogen. Simple protein coronas (PC) of BSA and Fib were formed on SWCNTs 
respectively via overnight incubation at 4°C for SWCNTs in protein suspensions at 
physiological concentrations (BSA: 40 g/L; Fib: 4 g/L in deionized water and PBS, 
respectively) positioned on a rotator. Samples were subsequently washed three times in 
PBS by centrifugation followed by tip sonication (Model F60 Sonic Dismembrator, 
Thermo Fisher) and resuspended in sterile filtered PBS for use in the experiments. All 
samples were stored at 4°C and sonicated at low power for 5 minutes prior to interactions 
with cells or spectral measurements. 
RAW 264.7 macrophages (ATCC) were cultured in high glucose DMEM media 
(Corning) supplemented with 10% fetal bovine serum (FBS; Glibco) and pen-strep 
antibiotic solution (Glibco). Cells were cultured at 37°C and in 5% CO2 growth 
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conditions. Macrophages were seeded into 12.5 cm2 flasks at 2.0x104 cells/mL. 
Interactions with 9 SWCNT samples were examined based on ball-milling time and the 
presence of protein corona: 0hr- (2hr-, 4hr-, 6hr-, and 8hr-) bare, 0hr- (2hr-, 4hr-, 6hr-, 
and 8hr-) BSA, and 0hr- (2hr-, 4hr-, 6hr-, and 8hr-) Fib. SWCNT solutions were added at 
50 μg/mL and cells were incubated in growth conditions for 30 minutes. PBS was used as 
a control. Nanotube solutions were then removed, and all cells were washed 3x with PBS 
and 5.0 mL of fresh media was added after which cells were allowed to grow for an 18-
hour period to encourage maximum uptake. Before uptake measurements, cells were 
again washed 3x in PBS, trypsonized, and transferred to 12x17 mm round-bottom tubes 
through strainer caps. A flow cytometer (S3e Cell Sorter, Bio-rad), calibrated with a 
standardized polystyrene microsphere kit (Molecular Probes), was used to measure 
changes in relative size distributions between samples. 5,000 counts were collected for 
each sample and data analysis was performed via FlowJo® software. Any counts recorded 
at less than 6 μm diameter were omitted from the histograms.  
Darkfield hyperspectral microscopy (HS; Cytoviva) was used to measure spectral 
shifts in scattered light by bare SWCNTs vs PC-SWCNTs and extra- vs intra-cellular 
SWCNTs. Macrophages were seeded into 4-chambered, tissue-treated slides (BD Falcon) 
at 2.0x104 cells/mL and incubated in growth conditions overnight. SWCNT and PC-SW 
solutions were introduced at a fixed concentration of 50 μg/mL and incubated for 30 
minutes. Surrounding media and SWCNT suspensions were then removed and cells were 
washed three times with PBS before growth media was reintroduced. Cells were then 
incubated for an 18-hour period to encourage maximum uptake. Macrophage nuclei were 
stained with propidium iodide (Sigma Aldrich) after fixation with 4% paraformaldehyde. 
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HS images were collected at 40x with a 1.000 s exposure time. All spectral data were 
averaged from 25 pixels of interest from similar pixel group sizes to maintain consistent 
aggregate sizes for data between samples. 
Biocompatibility of SWCNTs and PC-SW samples were tested via reactive 
oxygen species (ROS) generation and cellular viability assays. All compatibility tests 
were performed with RAW 264.7 macrophages. ROS generation due to exposure to 
nanomaterial samples was measured via DCFDA Cellular ROS Detection Assay Kit 
(Abcam). Macrophages were seeded in 96-well plates (Greiner Bio-One) at 2.5x104 
cells/well in 100 μL of growth media and incubated overnight and the provided protocol 
by Abcam was followed and all tested samples/controls were performed in duplicates. 
Five concentrations of SWCNT and PC-SW samples were used (3.125, 6.25, 12.5, 25, 
and 50 μg/mL). DCF fluorescence was measured with a BioTek plate reader (Synergy 
H1) at excitation and emission wavelengths of 485 nm and 535 nm, respectively, at 1, 2, 
4, and 6 hours of nanotube incubation. Macrophage viability was determined using 
CellTiter 96® Aqueous One Solution Cell Proliferation Assay (Promega). Macrophages 
were seeded in 96-well plates (Greiner Bio-One) at 2.5x104 cells/well in 100 μL of 
phenol-red-free growth media (Corning) supplemented with L-glutamine (Thermo 
Fisher), FBS (Glibco), and pen-strep antibiotics (Glibco) and incubated overnight in 
growth conditions. The provided protocol by Promega was followed and all tested 
samples/controls were performed in duplicates. SWCNT exposed samples were again 
tested at five concentrations (3.125, 6.25, 12.5, 25, and 50 μg/mL), and absorbance at 490 
nm was measured two hours after MTS reagent introduction via a BioTek plate reader.  
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High purity single-walled carbon nanotubes (SWCNTs or SWs) of varying 
lengths with diameters ranging from 1-2 nm were ball milled in time increments of 2 
hours from 0-8 hours to introduce physical defects through deformations of the carbon 
lattice structure in the form of atomic vacancies, non-hexagonal lattice assemblies, and 
the splitting/opening of nanotube end caps. SWCNTs and their corresponding defect 
densities were characterized using micro-Raman spectroscopy (Fig. 4.1). An excitation 
wavelength of 785 nm was used to analyze the associated SW atomic configuration(s). 
Spectral results exhibit the characteristic bands for carbon nanotubes – the graphitic band 
(G-band, ~1580 cm-1) corresponding to a stretching mode in the carbon lattice plane, the 
intrinsic G’-band (~2500 – 2900 cm-1) corresponding to a second order process of 
longitudinal optical phonons at the boundary, and the defect band (D-band, ~1330 – 1360 
cm-1) which also corresponds to a longitudinal optical phonon mode but requires the
presence of a defect to ensure momentum conservation in the scattering interaction. D-
band intensity increases with physical and/or chemical defects in the lattice, and the ratio 
of D-band to G-band intensity (ID/IG) is commonly used a metric for the overall defect 
density of carbon nanotube(s). An increasing ID/IG ratio trend is observed with increased 
ball-milling time, with the ratio capping at just over 1 (1.08). Previous research by 
Raghavendra et al. has shown that the ID/IG ratio appears to saturate around 8 hours of 
ball-milling, and that the tubular structure of SWCNTs is significantly disrupted beyond 
this point.17 Therefore, a maximum of 8hr ball-milling time was considered to be 
sufficient to study the presence of defects in otherwise physically preserved SWCNTs. 
The single-wall structure was confirmed using the presence of Raman “radial breathing 
modes” (RBMs) located between 140 – 220 cm-1 (Fig. 4.1) that are not present in multi-
138
walled carbon nanotubes due to increased restrictions in radial vibrations from the nested 
wall-to-wall tubular configuration.177 RBMs have also been found to be valuable in 
precise determination of the diameter of SWCNTs.178 Raman spectra for 785 nm 
excitation also demonstrate strong photoluminescence of SWCNTs in the infrared region 
that is of primary interest for SWCNTs as biomedical diagnostic vectors, a result of van 
Hove singularities (vHS) in the SWCNT electronic density of states that are no longer 










based protein solutions within their natural concentration ranges for healthy human adult 
serum at 40.0 g/L BSA and 4.0 g/L Fib (source). SWCNTs were suspended in PBS using 
high power tip sonication and bulk protein was gently vortexed into solution. Corona 
formation was performed at low temperature (4 °C) overnight to ensure that 
thermodynamic equilibrium had been reached, upon which samples were subsequently 
washed three times via centrifugation and stored under refrigeration.  
RAW 264.7 mouse macrophages were cultured under typical mammalian cell 
growth conditions to 85% confluency in high-glucose DMEM (Corning) supplemented 
with 10% fetal bovine serum. Cytoviva darkfield hyperspectral microscopy (1.000 second 
exposure) was used to analyze both protein corona (PC) formation and cellular uptake of 
SWCNTs. SWCNT solutions were introduced to the macrophages at a fixed 
concentration of 50 μg/mL per sample and incubated for 18 hours for each respective 
sample. The largest concentration of nanotubes analyzed was used to increase the 
likelihood of cellular uptake for the purpose of collecting an appropriate number of data 
points. Cells were washed with PBS after the incubation period to remove any excess 
nanotubes, stained with the nuclear dye propidium iodide, and fixed on glass slides using 
4% paraformaldehyde for imaging.  
It has been shown previously by Shannahan et al. that the plasmon hybridization 
in silver nanoparticles (Ag NPs) changes with the environment and can therefore enable 
the conclusive distinguishing of intra-/extracellular particles as well as the presence of 
protein corona (PC).15 In this study, the distinct changes in hybridized plasmon peaks 
were used in tandem with inductively coupled plasma-mass spectrometry (ICP-MS) and 
flow cytometry to successfully study the influence of a complex (multi-protein) PC on 
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the uptake of Ag NPs. Indeed, redshifting of the hyperspectra of nanoparticles occurs 
both due to changes in aggregation dynamics (i.e. from well-dispersed, single particle 
dominant state to a dense aggregates of particles) as well as changes in the dielectric 
constant of the biological environment (see Chapter 1). Large spectral shifts were 
measured between extra- and intracellular SWCNTs for bare and both BSA and 
fibrinogen (Fib) protein corona samples of pristine SWCNTs that had not been exposed 
to ball-milling (0hr SW), as can be seen in Figures 4.2 and 4.3. Extracellular SWCNTs 
measure on average at ~545nm while intracellular particles are closer to ~580nm. 
However, this shift is not as pronounced in the Fib sample where redshifting likely due to 
intense enhanced aggregation of the SWs with Fib PC has taken place. This drastic 
change in aggregation behavior is evident in the darkfield image of the 0hr Fib-SWs 
where there is a lack of “single particle” clusters (blue/green appearance) and an 
increased number of larger, red/white structures. Additionally, the image background of 
the darkfield micrographs of the 0hr Fib-SW sample is much lighter in appearance due to 
the web-like structure of agglomerated proteins that formed during the protein incubation 
process and was visible in solution to the naked eye. This structural appearance persisted 






































































































































































































Darkfield hyperspectral data for all ball-milled samples of both bare and protein 
corona SWCNTs as seen in Figure 4.4 show clear shifts as well, indicating cellular 
uptake in all cases with spectral peaks measured at ~580nm. Interestingly, large and 
bright aggregates of both bare SWCNTs and Fib-SWs can be seen along the macrophage 
cellular membrane, with these aggregates becoming more common and pronounced in 
samples with longer ball-milling times, indicating that self-aggregation in these cases 
may inhibit some cellular uptake and instead promote membrane attachment due to the 
larger size of the aggregated particles. This behavior is also present in the 0hr SW 
micrograph (Fig. 4.2). SWCNT aggregates are notably smaller and more evenly 
distributed for BSA-conjugated samples, indicating that nanotubes with BSA protein 










To better understand how hyperspectral peak shifts were associated with cellular 
uptake, flow cytometry was employed to measure the associated diameter of 
macrophages. Indeed, an increase in average macrophage diameter was measured for all 
samples (both pristine and ball-milled) exposed to SWCNTs as compared to the 
macrophage control confirming cellular uptake of the nanotubes (Figure 4.5). 
Interestingly, as seen in Fig. 4.5, the presence of increasing physical defects alone does 
not appear to determine cellular uptake, with only slight increases in cellular diameter 
with increasing ball milling times, and bare SWCNTs of all defect densities leading to a 
similar measured FSC Area or cellular diameter. However, a notably larger increase in 
diameter was consistently observed for BSA-SWs at all physical defect densities when 
compared to bare SWCNTs highlighted in Figure 4.6. Fib-SWs also appear to be 
preferentially phagocytized over bare SWCNTs for all defect densities (Fig. 4.6c) 
signifying higher affinity for protein-conjugated nanotubes, behavior that has been 
confirmed for other nanomaterials.14,15,30 With regards to the unique behavior of BSA-
SWs, bovine serum albumin functionalization has been proposed as a biocompatible 
dispersive conjugation method for hydrophobic nanomaterials including nanotubes.179,180 
In their study of the effects of BSA conjugation of single- and multi-walled carbon 
nanotubes on cellular uptake and toxicity both in vitro and in vivo, Elgrabli et al. found 
that BSA played a critical role both in mediating immunotoxicity and inflammatory 
response by alveolar macrophages along with uptake via examination of visible 
aggregates inside cells via optical microscopy. The group credits BSA’s dispersive 
properties for nanotubes leading to smaller overall aggregate sizes for increased 
phagocytosis, with perceived changes in aggregation dynamics between BSA-conjugated 
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Building on these observations, biocompatibility of SWCNTs was analyzed using 
DCF assay for reactive oxygen species (ROS) generation (immunotoxicity) as well as 
MTS cell viability assay for cytotoxicity and necrosis. ROS generation was measured to 
be lowest for BSA-coated SWCNTs of all defect densities despite the marked increases 
in cellular uptake with BSA protein corona (Figure 4.7). Within the BSA protein 
functionalization, the macrophage generation of ROS was the greatest for pristine BSA-
SWs as seen in Fig. 4.7a. Pristine SWCNTs have a lower surface area than their ball-
milled counter parts (~170 m2/g vs. 300 -1091 m2/g)17, as they still maintain their tubular 
structure and are thus more easily dispersed (smaller aggregates) in both water and 
biological buffer solutions compared to SWCNTs that have been physically altered by 
mechanical stress.181,182 This can be understood in the overall dominance of pristine 
SWCNTs in cellular uptake for bare SWCNTs and protein corona SWCNTs (Fig. 4.6). 
Therefore, the general increase in uptake may lead to this slight rise in ROS generation 
seen for pristine BSA-SWs. It should be noted that these preliminary results include N=2 
for all measured ROS and MTS values as an applicable concentration range for SWCNT 
exposure was identified. Therefore, in vitro biocompatibility experiments should now be 
repeated with at least N=3 to determine statistical significance. Additionally, Ge et al. 
found that BSA-coating of SWCNTs formed protein corona structures that were highly 
stable and uniform in coverage and resulting nanotube diameter using a combination of 
molecular dynamics simulations and atomic force microscopy.183 Their studies also 
showed via circular dichroism spectroscopy that BSA secondary structure, although 
altering significantly via large increases in beta sheet structures, rebounded once 
thermodynamic stability of the BSA protein corona was reached after the initial protein 
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adsorption. These rebounds were not observed in fibrinogen protein corona on SWCNTs, 
which were also nonuniform, and may further explain both the increased biocompatibility 
and cellular uptake of BSA-SWs. Hence, additional studies utilizing CD spectroscopy 
should be undertaken for the completeness of these experiments regarding protein 
structural changes upon formation of simple protein coronae on SWCNTs.  
Both bare and fibrinogen-coated SWCNTs of all defect densities showed 
significantly enhanced levels of ROS generation as compared to BSA-SWs (Fig. 4.7). 
ROS generation also increases in these cases with ball milling time/defect density. The 
production of ROS due to metallic and organic nanomaterials (such as SWCNTs) is 
currently understood to be primarily driven by internalization (uptake) and is correlated 
with physiochemical characteristics of the particles along with size and surface area.184 In 
this comprehensive review of ROS generation, Dayem et al. note that the chief drivers of 
intracellular ROS generation in macrophages are mitochondria (primary source), 
endoplasmic reticulum, peroxisomes, microsomes, and NOX enzyme complexes in the 
cellular membrane. There are seven known isoforms of nicotinamide adenine 
dinucleotide phosphate (NADPH) oxidases (NOXs): NOX1, NOX2 (classic phagocyte 
oxidase), NOX3, NOX4, NOX5, DUOX1, and DUOX2, all of which serve the primary 
functions of cross-membrane electron transport and ROS generation, differentiating them 
from their ROS producing counterparts in organelles for which ROS generation is a 
byproduct of other biological interactions.185,186 This particular type of ROS generation is 
understood to be driven by several main factors including cytokines, hormones, 
environmental factors (e.g., hypoxia), and mechanical forces on the cell membrane. 
Recently, these NOX complexes have caused great interest as ROS promoters due to their 
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prevalence in all tissues (not only specialized cells such as phagocytes) and their roles in 
wound repair via the crosslinking of the surrounding extracellular matrix (ECM).187 In 
early clinical studies of macrophages, it was discovered that the enzyme largely 
responsible for ROS production was the catalytic subunit of the phagocyte NADPH 
oxidase known as gp91phox or NOX2, which lead to the discovery of the majority of the 
NOX family.185 The NOX family share stark chemical and structural commonalities, with 
NOX2 being the most widely studied. NOX2 has six transmembrane domains with its 
COOH terminus and NH2 terminus facing the cytoplasm and able to interact with the 
extracellular environment. In another study, Elgrabli et al. identified NOX2 as the 
primary contributor to intracellular multi-walled carbon nanotube degradation and the 
associated generation of O2•−, H2O2 and OH•.188 It has also been reported that large 
quantities of NOX-generated ROS known as an “oxidative burst” are one of the primary 
sources of phagocyte toxicity for both single-walled and multi-walled CNTs, implying 
that carbon nanotube toxicity is deeply intertwined with membrane interactions.189 Given 
the large swath of scientific evidence suggesting that ROS production due to SWCNTs is 
driven by NOX enzymes and membrane interactions, which inherently agree with our 
darkfield spectral analysis, NOX-specific ROS assay should be used explicitly to 





























































































































































































































In the case of fibrinogen- (Fib-) coated SWCNTs, the previously mentioned study 
by Ge et al. found that Fib structure is severely altered during adsorption likely due to its 
fibrous, rope-like structure and large number of surface and inner core hydrophobic 
residues which interact with pi-electron configurations on the SW surface, a process that 
largely renders the protein unrecognizable.183 Fib was found to non-uniformly coat the 
SWCNT surface, leaving portions of the bare nanotube(s) exposed and increased overall 
aggregation in solution. We observed that ROS generation for Fib-SWs is comparable to 
bare SWs, supporting the theory that NOX2 and other membrane-bound NADPH 
oxidases are the drivers of ROS production in response to nanotube exposure. Cytoviva 
darkfield images (Fig. 4.4) provide more evidence that concentrated and heterogeneous 
membrane interactions occur with both Fib- and bare SWCNTs as compared to more 
homogeneous uptake/membrane accumulations with dispersed BSA-SWs, although this 
behavior does become more prevalent in each SWCNT type as self-aggregation increases 
with defect density. In short, the presence of BSA protein corona appears to delocalize 
intracellular and membrane bound SWCNT aggregates and thus mediate ROS toxicity 
via NOX enzyme activation.  
MTS assay was used to test cytotoxicity of bare and protein corona SWCNTs 
(Figure 4.8). BSA-SWs at concentrations up to 12.5 μg/mL display a slight increase in 
overall biocompatibility for the majority of sample variations. As expected, at higher 
concentrations explored in this preliminary analysis of toxicity, the cell survival rate dips 
well below the 85% threshold for both pristine and defected samples. SWCNTs with high 
defect densities (6hr, 8hr ball-milled) are notably more inherently toxic to the exposed 
macrophages, a phenomenon possibly due to bolstered aggregation from increased 
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surface area combined with the strongly hydrophobic nature of the carbon lattice 
structure. Again, these studies were performed for N=2 samples per SWCNT specimen 
for concentrations up to 50 μg/mL and should be reproduced with N=3 at clinically 











































































































































































































































































The results of this initial study into the effects of simple protein corona on the 
phagocytosis and toxicity of SWCNTs clearly demonstrate that serum albumin can 
effectively mediate the immunotoxicity and general cellular toxicity of both structurally 
intact and physically defected single walls while increasing preferential cellular uptake. 
These revelations are promising given the potential use of SWCNTs as multiphoton 
imaging vectors and drug delivery systems. Furthermore, bovine serum albumin (BSA) is 
a cost-effective surface treatment choice for increasing stability in solution and 
biocompatibility as compared to other, more complicated chemical treatments which can 
lead to undesired side effects during the process of SWCNT metabolism and excretion. 
As noted throughout this section, additional experiments with large sample sizes at low 
concentrations are needed to evaluate the level of statistical significance in each of these 
areas. Moreover, circular dichroism spectroscopy should be used to measure structural 
changes within the serum proteins themselves and their relative permanence in order to 
better understand these effects. If confirmed to be significant, this work could potentially 
lead to enhanced confidence in SWCNT-facilitated in vitro imaging techniques via 
inherent and strong photoluminescence resulting from increased defect density, 
potentially adding to the newly developed non-invasive techniques for diagnostic 
imaging.  
4.2 Further Confirmation Through In Vivo Experimentation 
Although much can be gleaned from in vitro studies including potential for 
immunotoxicity and concentration-dependent cytotoxicity, there is no direct substitute for 
in vivo analysis. In fact, in vitro studies have been found to draw drastically different 
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conclusions regarding the toxicity of similar materials due to differences in 
synthesis/processing methods (i.e. residual functional groups) as well as the lack of 
consistency in chosen cell lines and incubation parameters such as time, dose, and 
washing techniques.21,66,190 Ultimately, the solutions to these inconsistencies are the 
generation of detailed and easily reproducible protocols for nanomaterial synthesis and 
characterization to be included in published works along with systematic experiments 
using a wide variety of nanomaterials in identical cell lines to determine toxicity/success 
profiles under similarly controlled conditions. Three specific future works recommended 
here to move these studies into their next steps are: moving from an in vitro to in vivo 
investigation three-photon-based imaging using spherical zinc oxide (ZnO) nanoparticles 
(NPs), moving from in situ to in vitro experiments for elucidating the charge transfer 
mechanism in amyloid fibril formation using graphene nanoflakes, and in vivo studies of 
the effect of protein corona on the biodistribution and toxicity of carbon nanomaterial 
polymorphs including graphene and graphene oxide and single/multi-walled carbon 
nanotubes, along with metal and metal-oxide nanomaterials including ZnO, titanium 
dioxide (TiO2), gold (Au), and silver (Ag) nanoparticles.  
4.3 In Vivo Analysis of 3PA Using ZnO Nanoparticles 
Our studies on the effectiveness and associated toxicity of ZnO NPs and their use 
as targeted multiphoton imaging vectors have demonstrated that the 3PA imaging 
modality utilizing naturally occurring surface defects in wide bandgap semiconductor 
nanoparticles is successful in vitro. Specifically, point defects in the form of zinc 
vacancies in the wurtzite crystal lattice structure led to intermediate energy states within 
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the bandgap (~3.37 eV) and facilitated the 3PA process. Targeted uptake by glioblastoma 
cells via RGD-peptide (for integrin receptor positive U87MG) conjugation that produced 
fluorescence signals intense enough to differential them from the control was attainable 
after only ten minutes of exposure. These results were achieved using laser powers 
around 5.2 mW, which are considered safe for noninvasive diagnostic bioimaging. 
Moreover, we have shown that spherical ZnO NPs in the size range of approximately 20 
nm diameter are biocompatible with macrophages at a dosage under 12.5 μg/mL. These 
results are exciting and should be followed by additional experiments to test these 
achievements in vivo.  
Proposed Methodology 
Based on these in vitro studies, performed in collaboration with Dr. Terri Bruce at 
the Clemson Light Imaging Facility (CLIF), we hypothesize that ZnO nanoparticles are 
well suited for three-photon imaging in vivo. ZnO nanoparticles should be prepared using 
a polyol method and functionalized with RGD peptide (/folic acid) specific for integrin 
(/folic acid) receptors in brain (/breast) tumor cells. We expect that functionalization will 
increase cellular uptake by targeting specific receptor on tumor cells and hence improve 
diagnostic capabilities. Female athymic nude mice (nu/nu) (4 to 6 weeks of age) should 
be given subcutaneous injections of U87MG glioblastoma (/MCF-7 breast cancer) cells 
suspended PBS into the right foreleg.  Tumors then can be left to mature for 14 – 21 days 
until they reach 0.4 – 0.6 cm in diameter upon which in vivo fluorescent imaging will be 
performed with an IVIS Lumina XR.  To this end, the mice will be given tail vein 
injections of pristine and functionalized ZnO nanoparticles (two types, three 
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concentrations each with a sample size of three mice, 18 total specimens).  We expect 
that the high non-linear absorption cross-section of ZnO nanoparticles will enable multi-
photon imaging without the need for a femtosecond laser. After 24 hr, the mice would be 
sacrificed and the following tissues/organs be explanted for fluorescent imaging: (i) 
muscle, (ii) fat, (iii) spleen, (iv) liver, (v) kidneys, (vi) heart, (vii) lung, and (viii) brain.  
4.4 In Vitro Confirmation of Charge Transfer in Amyloid Fibrillation Process 
A deeper understanding of the complex nature of protein structural changes 
during the formation of amyloid fibrils and plaques is needed to analyze, and ultimately 
to treat or prevent, the onset of human degenerative diseases such as Alzheimer’s and 
Type II diabetes. During amyloid formation, normally functioning proteins (e.g., 
amyloid-β peptide (Aβ), islet amyloid polypeptide (IAPP), and prion protein (PrP)) 
undergo an unfolding process characterized by a dramatic increase in β-sheet content. 
These protein secondary structural changes expose hydrophobic substructures, leading to 
self-aggregation in the form of plaques as well as a highly ordered self-stacking 
mechanism known as fibril formation. These particular configurations have been 
observed to block neural synapses (as in Alzheimer’s disease), disrupt surrounding 
cellular membranes causing reactive oxygen species (ROS) formation, and can ultimately 
lead to cell death. The specific role that plaques and fibrils play in the disease state is still 
a widely researched field considered to be paramount to the development of effective 
treatment methods. Thus far, it is known that protein conformational changes correlate 
with fibril- (/plaque-) related diseases, and that these changes are accompanied by 
measurable spectroscopic shifts and visible morphological transformations. However, 
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direct experimental connections between the spectroscopic and microscopic modalities 
that could be used to predict and categorize the nature of protein deformation (i.e. the 
formation of plaques vs. fibrils), inhibition of such changes via commonly researched 
prevention/treatment vectors (i.e. aromatic molecules, nanomaterials), and the extent of 
resultant cytotoxicity has yet to be accomplished.  
In the research outlined in Chapter 3 of this dissertation, I employed spectroscopy 
(photoluminescence and Raman spectroscopy) along with transmission electron 
microscopy (TEM) and Kelvin probe force microscopy (KPFM) to isolate the mechanism 
behind the inhibition of fibrillation of lysozyme, which we determined to be interfacial 
charge transfer. By using exfoliated graphene nanoflakes to probe the interactions 
between amyloidogenic proteins and fibril-inhibiting molecules, we employed a material 
with an ideal structure in that the simple, carbon exclusive lattice system of graphene is 
fully sp2 hybridized and thus “aromatic interactions” between the material and the 
protein/amyloid can be studied in the most basic favorable environment. Without the 
presence of functional groups (i.e. as are found in graphene oxide) or additional point 
defects such as dopants, charge transfer could be distinguished using KPFM and Raman 
spectroscopy as the key active factor in the observed decrease in amyloid fibrils for 
graphene-heavy samples. This is a significant breakthrough in drug design for the 
treatment of amyloid diseases, which previously relied on the broad notion that small 
molecules must merely have aromaticity to have an increased likelihood of success. If 
this mechanism can be identified in a fibril-forming in vitro environment, drug design for 
Alzheimer’s disease and others could take a large and specific leap in the direction of 
long-term effectiveness against disease progression.  
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